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An experimental investigation was conducted to study the two-phase flow 
properties of porous media used in proton exchange membrane (PEM) fuel cells. The 
liquid and gas phase relative permeability of porous media used in PEM fuel cells 
was measured at the University of Kansas and validated using the neutron imaging 
facility at the National Institute of Science and Technology (NIST). New correlations 
between the liquid saturation levels and relative permeability were identified. These 
correlations were further used to determine the liquid saturation levels in the 
electrodes of a PEM fuel cell during operation. The results showed that the 3rd-order 
power correlations between saturation levels and permeability developed for 
hydrophilic sands were unsuitable for the gas diffusion layers (GDLs) used in PEM 
fuel cells. The GDLs made of graphite fibers have different surface properties and 
structures than the well-sorted sands, causing a difference in the two-phase flow 
properties. 
One-dimensional two-phase flow models were developed to study the effect of 
the porous media on the liquid saturation levels, liquid water management strategies, 
and fuel cell performance. To address the saturation level discontinuity created at the 
interface of two materials with different wetting properties, a saturation jump 
III 
condition was included in the models. This study showed that the hydrophobic part of 
the capillary curve was more important than the hydrophilic part because the zero 
capillary pressure (pc=0) condition at the gas channel/GDL interface bound the liquid 
saturation levels in the hydrophobic region. The properties of the GDLs affected the 
fuel cell performances greatly when the reactant transport in the porous media was 
the limiting step. The model including a micro-porous layer (MPL) in the cathode 
side showed that the zero-net-water-transport-across-the-membrane was achievable, 
which would eliminate the anode humidification requirement and improve the fuel 
cell performance. Hydrophobic catalyst layers (CLs) in the cathode and anode were 
required to prevent the CLs from being flooded, when the hydrophobic MPL was 
presented in the cathode side. The complete model consisting of both the cathode and 
anode showed that the liquid water transport rate from the cathode to the anode was 
higher when there was no MPL in the anode side. The complete model also showed 
that when the anode was treated as an interface instead of a complete porous electrode, 
over-prediction of the fuel cell voltage resulted, mainly from the omission of the 
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1.1 Fuel Cell Benefits 
Fuel cells are devices that convert chemical energy stored in fuels directly into 
electricity, providing several benefits over other technologies. First is efficiency: fuel 
cells provide two to three times more efficient usage of the fuel than that of a heat 
engine. Because of the high efficiency, greenhouse gas emissions will be reduced by 
50% when hydrocarbon materials, such as methanol, monoxide, and natural gas, are 
used as fuels. When fuels from renewable energy sources are used, nearly zero 
greenhouse gas emission is achievable. Fuel cells are scalable; single fuel cells can be 
stacked together to meet the desired power output requirement. They are also durable 
and able to withstand various operating conditions (various temperatures, pressures 
and stoichiometries). Fuel cells are silent, greatly reducing noise pollution as well as 
air pollution. For fuel cells operated at high temperatures, the waste heat can be used 
to heat water or living spaces. Other benefits include high reliability, multi-fuel 
capability and ease of maintenance.1 
The efficiencies of heat engines are limited by the Carnot cycle. The highest 
efficiency of a heat engine is determined by the high temperature of the heat source 
1 






η −=                            [1.1] 
Eq. 1.1 is the efficiency of the Carnot cycle, where  is the temperature of the heat 
source (K), and  is the temperature of the environment (K). A car’s engine only 
converts about 16% of the energy in gasoline to power used to turn the wheels, which 
is much lower than the Carnot efficiency.
1T
2T
1 Fuel cell vehicles have already proven 
much more efficient than similar internal combustion vehicles. Toyota has published 
their efficiency results, showing their conventional gasoline vehicle having a 
tank-to-wheel efficiency of only 16%, while their FCVH-4 running with hydrogen 
shows a 48% tank-to-wheel efficiency.1 
Fuel cells will increase the US energy security by reducing the reliance of the 
US on imported fossil fuels. Fuel prices will become more stable and international 
tensions will reduce with lesser competition for limited fossil fuel resources. The US 
is dependent on imported oil for almost two-thirds of its energy consumption. The 
transportation sector consumes about two-thirds of the total oil consumed in the US 
and accounts for over one-third of the total energy use. In 2006, the US imported 
about 13 million barrels of oil per day, which cost about 300 billion dollars a year.2 
The greater efficiency realized by fuel cells means that there is enormous promise for 
their application to the transportation sector. However, fuel cell vehicles are still 
2 
extremely expensive to produce because the materials and labor costs remain high. 
With those issues properly addressed, adoption of fuel cells in transportation will be 
more realistic in the near future. Fuel cell vehicles have been in operation in a few 
major cities (such as Vancouver, Canada, and Chicago, Illinois) for several years for 
demonstration purposes.3 
1.2 Fuel Cell Types 
There are five major types of fuel cells, each with a different type of electrolyte.4, 
5 Each type of fuel cell will be examined in detail below. Fig. 1.1 shows a schematic 
of the electrodes and charge flow in a fuel cell. 
(1) Alkaline fuel cell (AFC) 
The reaction at the anode in an AFC is 
2 22 4 4 4H OH H O e
− −+ → +                     [1.2] 
The reaction at the cathode is 
2 22 4 4O H O e OH
− −+ + →                     [1.3] 
Combining Eqs. 1.2 and 1.3 gives the following net reaction 
2 2 22 2H O H O+ →                        [1.4] 
The electrons pass through an outer load from the anode to the cathode to 
generate the electricity. The hydroxide ions move in the electrolyte from the cathode 
to the anode, where they combine with hydrogen, releasing liquid water and electrons. 
3 
This reaction must be carried out in a base solution since the hydroxide ions in the 
electrolyte are required in the electrode reactions. Sodium hydroxide and potassium 
hydroxide solutions are often used in an AFC because of their low cost. An AFC was 
successfully used on the Apollo spacecrafts that took men to the moon. A similar AFC 
system is used to provide electrical power in the current space shuttle fleet. 
 
 
Figure 1.1 Schematic of electrodes and charge flow of fuel cells. 
 
(2) Proton exchange membrane fuel cell (PEMFC) 
Proton exchange membrane fuel cells are also known as polymer electrolyte fuel 
4 
cells. A solid ion conductive polymer is used as the electrolyte, which also acts as an 
electrical separator of the anode and cathode. A commonly used membrane material is 
Nafion from DuPont. The reaction at the anode is 
22 4 4H H e
+ −→ +                         [1.5] 
The reaction at the cathode is 
2 4 4 2O H e H
+ −+ + → 2O                      [1.6] 
The net reaction is 
2 2 22 2H O H O+ →                        [1.7] 
The Nafion membrane allows only protons to transport through it, while the 
electrons must travel through the outer load to generate electricity. When Eqs. 1.4 and 
1.7 are compared, one sees that the net reaction of the AFC and PEMFC is the same. 
Their main differences are the type of electrolytes used in the fuel cell and the 
electrochemical reactions at the anode and cathode. 
(3) Phosphoric acid fuel cell (PAFC) 
Phosphoric acid (H3PO4) is used as the electrolyte for the transport medium of 
protons. The reactions in the anode and cathode are the same as those in Eqs. 1.5 and 
1.6, respectively. 
(4) Molten carbonate fuel cell (MCFC) 
In an MCFC fuel cell, a molten mixture of alkaline metal carbonate is used as 
5 
the electrolyte. When hydrogen is supplied as a fuel, the reaction at the anode is 
2
2 3 2 22 2 2 2 4H CO H O CO e
− −+ → + +                 [1.8] 
The reaction at the cathode is 
2
2 22 4 2O CO e CO3
− −+ + →                      [1.9] 
The net reaction is 
2 2 2 22 2 2 2H O CO H O CO+ + → + 2                   [1.10] 
Eq. 1.10 shows that carbon dioxide is consumed at the cathode side and released 
at the anode side. The negatively charged ion, 23CO
− , passes through the electrolyte 
from the cathode to the anode. 
(5) Solid oxide fuel cell (SOFC) 
Similar to the MCFCs, a negatively charged ion, O= , passes through the 
electrolyte from the cathode to the anode in a SOFC. However, the two differ in the 
type of electrolyte used and the reactions occurring at the electrodes. Instead of a 
molten electrolyte as in the MCFC, the electrolyte in a SOFC is a solid. When 
hydrogen is supplied as a fuel, the reaction at the anode side is 
2 22 2 2 4H O H O e
= −+ → +                    [1.11] 
The reaction at the cathode is 
2 4 2O e O
− =+ →                       [1.12] 
The net reaction is 
6 
2 2 22 2H O H O+ →                      [1.13] 
Table 1.1 summarizes the different types of fuel cells. The differences between 
them include the form of the electrolyte, the range of the operating temperature, and 
the type of the catalyst. At high temperatures, a fast reaction rate can be achieved 
without the use of a noble catalyst. On the contrary, at low temperatures, as in a 
PEMFC and PAFC, a noble catalyst like platinum is required to achieve fast reaction 
rates. 
 
Table 1.1 Different types of fuel cells.5, 6 


















Li-K or Li-Na 
carbonate 
(CO32-) 




(O2-) 500 - 1000 Ni-YSZ/LaMnO3-Sr
 
1.3 PEM Fuel Cell Components and Transport 
The proton exchange membrane (PEM) fuel cell is considered one of the most 
promising energy conversion devices for applications such as portable electronic 
7 
devices and automobiles in the near future. Fig. 1.2 shows the components in a PEM 
fuel cell. The cathode side includes a gas diffusion layer (GDL) and a catalyst layer 
(CL). The anode side has the same components as the cathode. The membrane made 
of Nafion separates the anode and cathode. 
Flow Plate: The flow plate, usually made of carbon or graphite, provides the 
flow path for the reactants and serves as an electrical current collector. Carbon is 
superior to other metals as a current collector since metals are prone to corrosion, 
which can introduce metallic ion contaminants to the catalyst layers and membrane. 
However, the carbon plate is brittle and difficult to machine, which poses a challenge 




Figure 1.2 Schematic of components in a PEM fuel cell. 
 
Gas Diffusion Layer: The GDL provides the transport path for the reactants and 
the electrons to and from the CL in the anode and cathode. There are two kinds of 
GDLs: carbon paper and carbon cloth. Carbon paper is commonly used in fuel cells 
because of its simple manufacturing process. Commercially available GDLs are 
primarily produced by SGL Group and Toray Industries, Inc. The GDLs from Toray 
have lower porosity and are denser than those from SGL Group. 
At the cathode, oxygen diffuses from the flow channel through the GDL to the 
CL, where it reacts with protons and electrons from the anode to produce water. The 
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product of liquid water moves through the GDL to the channel to be carried away by 
the air flow stream in the flow channel. At the anode, hydrogen flows through the 
GDL to the CL, where it is oxidized to produce the electrons. The electrons produced 
in the anode flow through the anode GDL, outer load, and the cathode GDL to react 
in the cathode CL. Finally, in addition to providing transport paths to the reactants, 
products, and electrons, the GDL also provides mechanical support to the catalyst 
layer. 
From the functions of the GDL, it is evident that the fuel cell performance can be 
improved by optimizing the properties of the GDL. The transport processes in the 
GDL must be considered systematically since they are inherently related. Although 
high porosity is preferred for reactant and product transport, its effects on electrical 
conductivity and mechanical strength should be taken into consideration. 
In some cases, a bi-layer GDL is used to increase its hydrophobicity. To create a 
bi-layer GDL, a micro-porous layer (MPL) is applied onto one side of the macro 
porous gas diffusion layer using a paste consisting of carbon and a hydrophobic phase, 
such as polytetrafluoroethylene (PTFE), to increase its hydrophobicity. Details of how 
to make an MPL can be found in reference 7. The dense MPL works like a water 
barrier layer, preventing the liquid water generated at the cathode catalyst layer from 
flowing out of the cathode CL. As a result, the effect of flooding in the cathode is 
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alleviated. The functions of MPL will be discussed in further detail in Chapter 5. 
Catalyst Layer: The catalyst layer is the power generating component of a PEM 
fuel cell. As seen in Eqs. 1.5, 1.6, and 1.7, protons and electrons are generated in the 
anode and consumed in the cathode. The electrons generated in the anode move 
through the anode CL, GDL, and outer load to the cathode GDL and CL. The protons 
generated in the anode move through the Nafion membrane to the cathode CL. Thus, 
the CL is a three-phase transport and reaction region, which includes the gas phase, 
liquid phase, and solid phase (for electrons and protons). The porous structure of the 
CL provides the transport path for the gas and liquid. In some cases, the void volume 
of a CL shows both hydrophobic and hydrophilic characteristics when a hydrophobic 
phase, such as PTFE, is added. The liquid phase will move through the hydrophilic 
path, and the gas phase will move through the hydrophobic path. The carbon and 
platinum provide the transport path for the electrons. A proton conductive phase, 
Nafion, is added to the CL to provide the transport path for the protons. Thus, it is 
essential to optimize the three phases (gas, liquid and solid) by adjusting the ratio of 
the carbon supported catalyst/Pt, Nafion and PTFE to achieve the optimal fuel cell 
performance.8 
Membrane: The anode and the cathode are connected by a Nafion membrane, 




Figure 1.3 Structure of Nafion. 
 
Protons are transferred along the -SO3H group, which is formed of SO3- ion and 
H+ ion. Nafion membranes are denoted with a letter N followed by a several digit 
number based on the molecular weight of the polymer and the thickness of the 
membrane. The first 2 digits represent the molecular weight divided by 100. The last 
one or two digits indicate the membrane thickness in the unit of mills (1 mill=1/1000 
inch=0.0254 mm).4 For example, Nafion N112 has the equivalent molecular weight 
of 1100 and thickness of 2 mills (0.0508 mm). 
The backbone of Nafion (-CF2-CF2-) is hydrophobic. However, the ionic group, 
-SO3H, is hydrophilic, which attracts liquid water. The weight of dry Nafion can 
increase by as much as 50%wt when fully hydrated.5 The conductivity of dry Nafion 
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is very low and increases with the amount of water absorbed.9 Thus, saturated gas 
reactants are often used in a PEM fuel cell to keep the membrane hydrated and to 
provide high ionic conductivity. This requirement raises another issue of water 
management strategies in the PEM fuel cells: the flooded cathode and dry anode. 
1.4 PEM Fuel Cell Thermodynamics 




H O H+ → O                         [1.14] 
the maximum energy available to do the external work is defined as the Gibbs free 
energy. The Gibbs free energy of the reaction is defined by the following equation 
2 2
0 0 0 0
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⎟                     [1.15] 
where 0fGΔ  is the change of Gibbs free energy at the standard state (25ºC, 1 atm 




,f HG  and 2
0
,f OG  are zero. 
2
0 0
,f f H OG GΔ =                           [1.16] 
The charge involved in the reaction is 
2 2  Charge N e F coulombs= − ⋅ = −                  [1.17] 
where N is the Avogadro number, ; e is the charge on one 
electron, ; F is Faraday constant, 
236.022 10 /N mole= ×
191.602 10e coulombs−= × 96485 F coulombs= . 
From Fig. 1.2, the electrical work consists of moving -2F charge from the anode 
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to the cathode, which can be calculated by 
02     joulesElectrical work F E= − ⋅                  [1.18] 
where  is the reversible open circuit voltage at standard state. The reversible open 
circuit voltage of the PEM fuel cell can be derived from Eqs. 1.16 and 1.18. 
0E
0 2fG F








= −                            [1.20] 
0
fGΔ  is a function of temperature and the state of the reactants and product. The 
activities of the reactant and the product affect the Gibbs free energy of the 
electrochemical reaction in the PEM fuel cell. From the thermodynamics arguments 















⎟                    [1.21] 
where 0fGΔ  is the change of Gibbs free energy at the standard state; R  is the ideal 
gas law constant (8.314 J/(mole·K)); T is the temperature (K); 
2H





are the activities of hydrogen, oxygen, and water, respectively. 
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⎟                     [1.23] 
where  is the fuel cell potential at the standard state. Eq. 1.23 is called Nernst 
equation, which describes the effect of the activities of the reactants and product on 
the fuel cell potential. Note that this equation cannot be used to calculate the 
temperature dependence of the thermodynamic potential. Only the effect of the 
activities of the reactants and the products can be predicted by Eq. 1.23. 
0E
Fuel cell efficiency is defined as the ratio of electrical energy to the heat that 
would be produced by burning the fuel. The maximum electrical energy available is 











                          [1.24] 
maxη  in Eq. 1.24 is also called the thermodynamic efficiency. However, values of 
fHΔ  change with the state of the water in the electrochemical reaction. When water 
is in the form of gas and liquid state 
15 
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Table 1.2 summarizes the fGΔ , open circuit voltage (OCV), and 
thermodynamic efficiency based on the liquid state of the water product. 
 
Table 1.2 fGΔ , open circuit potential, and thermodynamic efficiency for 







OCV, V Thermodynamic efficiency, % 
Liquid 25 -237.2 1.23 83 
Liquid 80 -228.2 1.18 80 
Gas 100 -225.2 1.17 79 
 
1.5 PEM Fuel Cell Performance 
Fig. 1.4 shows a typical polarization curve of a PEM fuel cell. The Nafion 
membrane is designed to be nonconductive of electrons and impermeable to gases. 
However, a very small amount of hydrogen can penetrate the membrane from the 
anode to the cathode to react with oxygen directly. This amount of hydrogen reactant 
is wasted without doing external work, leading to OCV loss. 
The activation loss is caused by the slow electrochemical reactions on the 
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surface of the electrodes. In a PEM fuel cell, the cathode oxygen reduction reaction 
(ORR) is the main source of activation loss. The kinetic loss can be reduced by 
raising the temperature, using more active catalysts, and increasing the active catalyst 
surface. 
The ohmic loss is caused by the resistance of the transport of ions and electrons 
in the electrodes of the PEM fuel cell. The magnitude of ohmic drop is proportional to 
the current as expressed in the following equation 
ohmV IR=                              [1.27] 
where the V is the potential, I is the current, and Rohm is the resistance. 
The mass transport loss is caused by reactant depletion. In a PEM fuel cell, water 
flooding at the cathode side often causes the mass transport limitation by blocking the 
gas transport path of the reactants. If convective flow through the electrode could be 
created, it would reduce the mass transport loss by providing higher concentrations of 
the reactants and alleviating the flooding effect in the PEM fuel cell. Consequently, 
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Figure 1.4 Polarization curve of a PEM fuel cell. 
 
1.6 Motivation and Objectives 
PEM fuel cells depend on proper water management to obtain high power 
density and energy efficiency. During operation, as a result of the electro-osmotic 
effect the membrane at the anode side tends to be dry. Consequently, to avoid anode 
dehydration, water is added to the anode gas stream in the form of water vapor to 
compensate for the amount lost to the cathode by electro-osmosis. Meanwhile, at the 
cathode the opposite problem occurs. Liquid water in the cathode of a PEM fuel cell 
is generated from three sources: 1) liquid water dragged by electro-osmosis from the 
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anode to the cathode, 2) oxygen reduction reaction, and 3) condensation when a 
temperature gradient exists. When the water generated at the cathode by these three 
processes is not properly removed, its accumulation leads to poor fuel cell 
performance by blocking the gas pores used for oxygen gas transport and forming an 
additional transport barrier over the reactive area. 
When the operating temperature of a PEM fuel cell is below 100 °C, two-phase 
flow behavior of the gas phase and liquid phase has a significant impact on the PEM 
fuel cell performance since both liquid and gas phases exist simultaneously. First, in 
order to provide a transport path for the gaseous reactant, liquid water existing in the 
cathode side of a PEM fuel cell must be efficiently removed. Liquid water may form 
a thin liquid film on the catalyst layer acting as an additional barrier to the transport 
of the reactant gas to the catalyst active surface. Second, the membrane must be kept 
hydrated to decrease the ionic resistance. Water vapor saturated gases are often used 
to achieve this condition. Third, under certain circumstances the anode side could be 
flooded when excessive liquid water is transported from the cathode side to the anode 
side. 
Two-phase flow properties of the porous media used in PEM fuel cells are 
important in fuel cell optimization and water management strategies. The 
permeability and capillary pressure curves reported in the literature vary greatly. The 
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absolute permeability varies between 10-11 m2 to 10-13 m2.10-13 The 3rd-order power 
correlation of the relative permeability developed for well sorted sands was often 
used in modeling.14 The Leverett function developed for sands was used to simulate 
the capillary pressure of these porous media.15-19 However, the porous media used in 
PEM fuel cells have different surface properties and geometrical structures from 
sands, which leads to inaccurate predictions of the performance of PEM fuel cells. 
Quantifying the liquid saturation level in the GDL will be helpful for validating 
two-phase flow models and determining the liquid water’s role in affecting fuel cell 
performance. The conventional water management approach of adding water 
(gas/liquid phase) to the anode side and removing water from the cathode side is a 
self-defeating process. Water management can be made more efficient in a PEM fuel 
cell by engineering the material properties of the porous media used in the membrane 
electrode assembly (MEA) to force liquid water in the cathode back to the anode to 
achieve zero-net-water-transport-across-the-membrane.20 If this could be achieved, it 
would minimize or eliminate the need for anode gas humidification. Modeling 
two-phase transport in the PEM fuel cells can provide the strategies to optimize fuel 
cell performance. Information extracted from the modeling will be useful in 
predicting and directing the experimental work. 
Thus, the first objective of this research was to measure the two-phase transport 
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properties of the porous media used in PEM fuel cells. Experimental measurement of 
the permeability, developed at the University of Kansas lab and validated using 
neutron imaging facility at the National Institute of Science and Technology (NIST), 
is presented in Chapter 2. Chapter 3 describes the experimental measurement of the 
liquid water saturation levels in the cathode side. The pressure drop in the 
interdigitated flow field indicates the liquid water content in the GDL. This pressure 
drop was recorded in the experiment to calculate the relative permeability. The liquid 
water saturation level was calculated from a correlation between the permeability and 
the saturation levels. In Chapter 4 the capillary pressure effect of the GDL and CL on 
the fuel cell performance is simulated by a two-phase flow model. The effect of the 
position, shape, and slope of the capillary curves on the liquid water saturation level 
and the fuel cell performance was investigated. Chapter 5 focuses on the effect of the 
MPL on the water management strategies to achieve the goal of 
zero-net-water-transport-across-the-membrane. And finally, a model including both 
the anode and cathode is presented in Chapter 6. The operating conditions and 
properties of the anode side were investigated to elucidate the role of the anode side 
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Experimental Study of Relative Permeability of Porous Media Used 
in PEM Fuel Cells 
 
2.1 Introduction 
Both the liquid and gas phases exist in the porous media of PEM fuel cells 
because these devices usually operate at low temperatures. Water management 
strategies need to be well balanced to achieve optimal fuel cell performance. 
Two-phase flow properties of porous media used in PEM fuel cells are important in 
fuel cell optimization and water management strategies. On the one hand, to improve 
the transport of gaseous reactant and liquid water to and from the CL, the liquid water 
in the cathode side of a PEM fuel cell must be efficiently removed. Liquid water may 
also form a thin film on the active catalyst layer, blocking the active sites from 
accessing the electrochemical reaction. On the other hand, a water vapor saturated 
cathode and anode are preferred to provide high ionic membrane conductivity. Last, 
when a cathode with correct level hydrophobicity is used, sufficient water could be 
forced from the cathode back to the anode by permeation and diffusion to overcome 
the effect of electro-osmosis.1 Hydrophobicity in the cathode can be created by 
adding a hydrophobic material, such as PTFE, to the GDL, MPL and CL to help 
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remove the liquid water from the cathode.2, 3 Better understanding of the transport 
properties of these porous media used in PEM fuel cells will lead to new strategies for 
water management. Of these transport properties, the gas and liquid permeability of 
the porous media used in PEM fuel cells are two of these important transport 
parameters. 
In numerical simulations, the permeability in the form of linear correlation,4-6 
polynomial correlation,7, 8 and function of multiple variables 9 was used to describe  
the two-phase flow in porous media. These correlations of relative permeability of gas 
and liquid phases were functions of saturation levels that have not been validated by 
experimental data. 
Experimentally measured gas absolute permeability of macro-porous media used 
in PEM fuel cells ranges from 4.4×10-13 m2 to 5.0×10-11 m2 depending on the porous 
media tested in the experiment.10-13 Since carbon fibers prefer to stay in a parallel 
direction, anisotropic properties are observed in the porous media used in PEM fuel 
cells. In-plane permeability is higher than through-plane permeability because of the 
geometrical layout of the carbon fibers. In a bi-layer GDL, a thin layer of dense MPL 
on the surface of the macro-porous substrate may cause a large decrease in the 
absolute permeability due to the small pores introduced by the MPL. PTFE content in 
the macro-porous substrate reduces the permeability by decreasing the pore sizes as 
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well as the surface morphology. However, Gurau et al.11 showed that the permeability 
of the MPL increased with the PTFE content. Gurau et al. attributed this effect to the 
increased rigidity and intra-agglomerate pores of the MPL when the PTFE was added. 
Benziger et al.14 measured liquid permeability by flowing liquid water through a 
porous medium, using a liquid water column to control the liquid pressure. However, 
the saturation levels corresponding to the liquid permeability had to be determined 
separately, which introduced great uncertainties to the measurements. The ex-situ 
determined saturation levels might be different than the in-situ saturation levels in 
Benziger et al.’s experiment because liquid water might have drained from the tested 
sample when the liquid pressure applied to the GDL was removed. 
In recent years, neutron imaging has been applied successfully to determine 
liquid water content in PEM fuel cells.15-19 With the improved resolution of neutron 
imaging, it is possible to map both in-plane and through-plane water distribution in an 
MEA and the flow fields of the cathode and anode. A better understanding of the 
liquid water distribution process inside the porous-media is valuable for better water 
management strategies in PEM fuel cells because the fuel cell performance is related 
to the liquid water saturation levels inside the electrodes of the fuel cell. Although 
neutron imaging has been used to measure the water content in a PEM fuel cell 
during operation, it had not been used for transport property measurement such as the 
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correlation between the gas and liquid phase permeability and liquid water saturation 
level. 
This chapter focuses on the experimental study of the gas and liquid 
permeability of the porous media used in PEM fuel cells to determine the correlation 
between the gas and liquid permeability and liquid water saturation level. The gas 
permeability of two proprietary GDLs was measured by gravimetric analysis and 
neutron imaging. The liquid permeability of two commercially available GDLs was 
measured by neutron imaging. The obtained correlations were then used to determine 
the liquid water saturation levels in the cathode and anode GDLs during operation. 
This work will be discussed in Chapter 3. These correlations were also incorporated 
into fuel cell models to provide more accurate predictions of the water saturation 
levels in a PEM fuel cell. 
2.2 Experimental 
2.2.1 Materials 
Four different kinds of GDLs were tested in this experiment. Two of them are 
proprietary GDLs that are not yet available on the market. The other two are 
commercially available GDLs from Toray Industries, Inc. and SGL Carbon Group. 
The properties of these four kinds of GDLs are summarized in Table 2.1. In this study, 
constant sample thickness was used by controlling the thickness of the metal washers 
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in the fixture. Homemade stainless steel washers were used to prevent the samples 
from being over-compressed. The uncompressed sample thickness was used in 
calculating the porosity and gas and liquid permeability. 
 
Table 2.1 Properties of GDLs used in the experiment. 
Material Type Thickness (μ ) m Porosity PTFE Content (%wt)
A1 (Proprietary GDL) 216 0.81 0 
A3 (Proprietary GDL) 325 0.85 5 
SGL-10CA 
(Carbon Group) 380 0.85 10 
TGP-H-060  
(Toray Industries, Inc.) 190 0.78 30 
 
2.2.2 Gas Permeability 
A homemade fixture was used to measure the gas permeability of the GDLs 
listed in Table 2.1. A schematic view of the permeability measurement setup is shown 
in Fig. 2.1. To prevent water loss by evaporation, the gas used in the experiment was 
pre-saturated with water vapor by passing it through a bottle filled with de-ionized 
water. The temperature in the bubbler bottle was set 1~2 °C higher than the ambient 
temperature. Gas permeability measured by both the gravimetric analysis and neutron 
imaging was carried out in this experiment. 
The pressure drop was measured by an electronic pressure transducer (26PC 
Series, Honeywell) and recorded by a data acquisition system (Personal Daq System 
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by Omega Engineering). The pressure transducer had an operating pressure range of 
±5 Psi. 
Permeability by gravimetric analysis: The gravimetric analysis involved 
measuring the weight of the dry sample before the experiment and the weight of the 
wet sample after the experiment. The saturation level was calculated based on the 
difference between the wet and dry samples. The corresponding permeability was 
calculated from the pressure drop across the sample. In the gravimetric method, each 
experiment generated a datum point because the sample inside the fixture had to be 
removed from the fixture to be weighed in a balance. The gravimetric permeability 
measurement consisted of the following steps: 
1) Weigh the dry GDL to be tested (the dry weight of the sample is denoted by 
m1). 
2) Pre-saturate a sample in de-ionized water at 80 °C for 1 hour followed by 
cooling down to ambient temperature. At 80 °C, the surface tension is 
sufficiently lowered to allow the sample, even when it is hydrophobic, to be 
saturated with liquid water. Once saturated, it was found that water would 
remain in the sample as it was cooled to ambient temperature. 
3) Assemble the saturated sample in the fixture shown in Fig. 2.1. 
4) Flow gas through the saturated sample and record the pressure drop, . ΔP
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5) Dissemble the fixture at the end of the experiment and weigh the sample to 
obtain the wet weight, m2; 











=                          [2.1] 
where 
2H O
ρ  is the liquid water density; ε  is the porosity of the sample 
under compression; and  is the total volume of the sample under 
compression. 
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                          [2.2] 
where gv  is the gas velocity; gμ  is the gas viscosity; gPΔ  is the gas 
pressure drop; gxΔ  is the gas traveling path length. The gas velocity is 
assumed to be constant because the pressure drop is low resulting from the 
small dimensions of the sample. 
7) Repeat steps 1) to 6) with a different flow rate to obtain the permeability at a 
different saturation level. 
Once the saturation level and permeability were calculated, a correlation 
between them was obtained. The gas flow rate was varied to obtain multiple data 
points. Higher gas flow rates led to lower saturation levels because of the higher shear 
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Figure 2.1 Schematic of the relative permeability experiment. 
 
 
Permeability by neutron imaging: The permeability of the porous medium tested 
in this experiment was calculated by Darcy’s law using Eq. 2.2. Saturation levels of 
the porous medium were derived from the changes of the intensity of a neutron beam 
between the incident beam and the transmitted beam. Details of the mechanism by 
which the neutron imaging works were presented in reference 19. The image 
collecting rate is one picture per second and the resolution of the picture is 125 
microns per pixel. 
Fig. 2.1 illustrates how the in-situ liquid saturation levels in the sample were 
measured by neutron imaging during the experiment. Fig. 2.2 shows a neutron image 
△P
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of the relative permeability fixture, in which a wet sample can be clearly seen. The 
procedures of the neutron imaging test are similar to those of the gravimetric analysis 
test. The only difference between these two methods lies in the method of 
determining the saturation levels in the wet sample. The procedure of the neutron 
imaging method is described as follows. 
1) Pre-saturate a sample in de-ionized water at 80 °C for 1 hour followed by 
cooling down to ambient temperature. 
2) Assemble the saturated sample in the fixture shown in Fig. 2.1. 
3) Flow gas through the saturated sample, record pressure drop ( ), and 
acquire neutron images of the wet sample. 
ΔP
4) Flow dry air after the experiment to dry the sample. 
5) Acquire neutron images of the dry sample. Images of the dry sample serve as 
references (backgrounds) to be subtracted from the neutron images of the wet 
sample to calculate the saturation levels. 
6) Turn off the neutron beam and stop the experiment. 
The saturation levels were calculated from the neutron images obtained in steps 
3 and 5. The corresponding permeability was derived from the pressure drop across 







Figure 2.2 Neutron image (top view) of the relative permeability setup. 
 
2.2.3 Liquid Permeability 
Neutron imaging technology as shown in Fig. 2.1 was used to measure the liquid 
permeability. The ex-situ permeability measurement showed an inconsistency of 
saturation levels because once the liquid pressure was removed, part of the liquid 
water may be repelled out of the sample as a result of the sample hydrophobic pore 













                            [2.3] 
where  is the liquid velocity; lv lμ  is the liquid viscosity; lPΔ  is the liquid 
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pressure drop; lxΔ  is the liquid traveling path. The liquid velocity is assumed to be 
constant for the same reason as stated earlier. 
Contrary to the gas permeability measurement which started with a pre-saturated 
sample, the liquid permeability measurement starts with a dry sample. As the liquid 
displaces the gas phase when it flows through the sample, in-situ saturation levels are 
calculated from the change of the neutron beam intensities. The liquid permeability 
test includes three steps as follows. 
1) Assemble a dry sample into the setup and acquire neutron images of the dry 
sample as reference or background images. 
2) Flow liquid water through the sample as shown in Fig. 2.1, record liquid 
pressure drop, and acquire neutron images. 
3) Turn off the neutron beam and stop the experiment at the end of the 
experiment. 
The saturation levels and liquid permeability were calculated from the obtained 
neutron images and the pressure drop obtained in step 2. In order to measure the 
permeability at different saturation levels, liquid flow rate was adjusted during the 
experiment. A high saturation level is expected with a high liquid flow rate because at 
high liquid pressure more liquid water is expected to displace more void space in the 
porous medium. 
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The experimental conditions are summarized in Table 2.2. The sample size for 
the gas and liquid permeability measurement is 4 cm × 1 cm excluding the shoulders 
for sealing purposes. See Figs. 2.1 and 2.2. Gas and liquid traveling distance is equal 
to the width of the samples (1cm). The gas and liquid relative permeability 
experiment was conducted at ambient temperature. The outlet of the fixture is open to 
the air. Thus, the outlet pressure is assumed to be constant at 1 atm in this experiment. 
 
Table 2.2 Experimental conditions. 
Material Type Fluid Traveling Distance (cm) Flow Rate 
A1 (Proprietary GDL) 1 20 SCCM 
A3 (Proprietary GDL) 1 60 SCCM 
SGL-10CA 
(Carbon Group) 1 
From 1.01 to 1.30 
cm3/min 
TGP-H-060  
(Toray Industries, Inc.) 1 
From 1.01 to 1.30 
cm3/min 
SCCM: standard cubic centimeter per minute 
 
2.3 Results and Discussion 
2.3.1 Gas Relative Permeability 
Fig. 2.3 shows the gas phase pressure drop and the corresponding permeability 
of the material A1. At the beginning of the experiment, when the gas phase started to 
flow through the pre-saturated sample, sufficient pressure drop had to be created to 
displace the liquid phase. After the gas phase broke through the liquid phase, the gas 
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phase pressure drop decreased significantly. After 60 minutes, the saturation level in 
the sample was close to the residual saturation, which could not be displaced by the 
gas phase at this shear rate. At this stage, the gas phase pressure drop across the 
sample approached stability. The gas permeability changes corresponded to the 
change of the gas phase pressure drop as shown in Fig. 2.3. Since the experiment 
started with a pre-saturated sample, the gas permeability was very low at the 
beginning of the experiment. The measured permeability continuously increased as 
the liquid phase was displaced by the gas phase until the saturation level in the 
sample was close to the residual saturation at the end of 60 minutes. Pressure spikes 
observed after 60 minutes are likely due to the redistribution of the residual liquid 






































Figure 2.3 Pressure drop and permeability of the material A1. 
 
In the first 20 minutes, gas pressure drops greatly as shown in Fig. 2.3. The 
neutron images were averaged every 50 images (50 seconds) in the first 20 minutes. 
When the gas pressure approached steady state, the saturation levels became stable 
represented by stable pressure drop across the sample. Thus, after 20 minutes the 
neutron images were averaged every 200 images (200 seconds). From the grayness of 
these averaged density pictures and dry background pictures, liquid water saturation 
levels were derived based on the calibrated neutron beam parameters. 
The relative permeability by gravimetric analysis and neutron imaging of 
material A1 were compared in Fig. 2.4. It was seen that at the same permeability, the 
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saturation level by the gravimetric analysis was higher than that of the neutron 
imaging. This discrepancy could be attributed to the fact that liquid water may be 
imbibed into the sample when the gas phase pressure was removed at the end of the 
gravimetric experiment. Neutron image showed that the liquid water displaced by the 
gas phase remained on the edge of the sample, as shown in Fig. 2.5, and could be 
re-imbibed into the sample again once the gas pressure was removed. As discussed in 
the previous part of this chapter, the liquid saturation level decreased drastically at the 
beginning of the experiment (high saturation level range), after which the saturation 
level dropped more gradually. During the process that the saturation levels dropped 
continuously, liquid water droplets could redistribute in a sample before they 
detached from the sample. Fig. 2.4 also showed that a 3rd-order power correlation in 
the form of 20 
( 30 1gk k s)= −                            [2.4] 
where  is the absolute permeability of a single phase, fitted the data of the 
gravimetric experiment a bit better than those of the neutron imaging. The 3
0k
rd-order 
power correlation was developed for nonconsolidated and well sorted sand. This 
shows that the 3rd-order power correlation cannot be used to predict the relative 
permeability of the sample A1 especially in the in-plan direction. Polynomial 




y = 6.86E-11x2 - 7.16E-11x + 2.04E-11
R2 = 9.94E-01 (Gravimetric)
y = -4.41E-11x + 1.49E-11




























Figure 2.5 Water displacement in a sample. 
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The 3rd-order power correlation in Eq. 2.4 was developed for non-consolidated 
and well-sorted sand. The porous GDLs used in PEM fuel cells have different 
morphological and surface properties as a result of the carbon fibers which have a 
preferred in-plane layout. The special asymmetric property of the GDLs may explain 
the discrepancy between the 3rd -order power correlation and neutron imaging data. 
The gas phase pressure drop and permeability of the material A3 were shown in 
Fig. 2.6. Similar to the phenomena observed in Fig. 2.3, sufficient gas pressure had to 
be created to break through the pre-saturated sample. A steep decrease of gas pressure 
drop and increase of gas permeability followed by a stable pressure and permeability 
were seen in Fig. 2.6. When gas started to flow through the sample, liquid water 
purged from the sample accumulated on the edge of the sample at the outlet as 
droplets. During this time, the pressure drop and permeability remained stable as seen 
in the 20-70 minute region in Fig. 2.6. Once the liquid droplets fell off the edge of the 
sample which allows more liquid water to be purged from the sample, the gas 
pressure drop began to decrease and continue until the saturation in the sample 








































Figure 2.6 Pressure drop and permeability of the material A3. 
 
The saturation levels in material A3 were derived from the grayness of the 
density pictures. The density pictures were summarized and averaged in a similar way 
to that of material A1. When the pressure slope was steep, fewer neutron images were 
averaged to catch the change of saturation levels because the saturation levels drops 
greatly. When the pressure slope was low, more neutron images were averaged 
because the saturation levels were stable. In the liquid relative permeability 
measurement that follows, saturation levels were determined similarly based on the 
change of the liquid pressure drop. 
Gas relative permeability of the material A3 is shown in Fig. 2.7. Gas 
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permeability by gravimetric analysis, neutron imaging, and 3rd-order power 
correlation had similar saturation levels in the range of 0 to 0.3, which showed that 
the 3rd-order power correlation provided a good fit to the experimental data in the low 
saturation level range for the material A3. Beyond the saturation level of 0.3, the 
gravimetric method showed higher saturation levels which could be attributed to the 
liquid water being re-imbibed into the sample when the gas pressured was terminated. 
 
y = 1.24E-10x2 - 1.81E-10x + 7.76E-11
R2 = 9.82E-01 (Gravimetric)
y = -1.45E-10x + 7.09E-11




























Figure 2.7 Gas relative permeability of the material A3. 
 
2.3.2 Liquid Relative Permeability 
Multiple liquid water flow rates were used in measuring the liquid permeability 
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of the material SGL 10CA as shown in Fig. 2.8. Liquid water flow rate of 1.01 
ml/min was first set from 0 to 41 min followed by the flow rate of 1.11 ml/min from 
42 min to 66 min, 1.20 ml/min from 67 min to 92 min, and 1.30 ml/min from 93 min 
to 117 min. It was seen that liquid permeability was stable during the time range of 0 
to 66 min because liquid water could not displace more gas phase in the porous 
material even when the liquid flow rate was increased from 1.01 ml/min to 1.11 
ml/min. However, further increase of the liquid water flow rate from 1.11 ml/min to 
1.20 ml/min resulted in a lower liquid pressure drop and higher liquid permeability as 
more gas phase was displaced under high liquid flow rate. A further increase of the 










































Figure 2.8 Pressure drop and permeability of the material SGL 10CA. 
 
Fig. 2.9 showed the liquid relative permeability by neutron imaging of the 
material SGL 10CA and a 3rd-order power correlation in the form of 20 
3
0lk k s=                              [2.5] 
The difficulty of obtaining the permeability at both high and low saturation levels was 
observed in this experiment. On one hand, gas phase may be trapped inside the 
material at high liquid water saturation levels as dead pockets, making it difficult to 
measure the permeability at a high saturation level. On the other hand, liquid 
saturation may have to reach a certain level before continuous liquid water flow 
across the sample could occur, making it difficult to measure the liquid permeability 
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at low liquid saturation level. Fig. 2.9 showed that there was a discrepancy between 
the permeability by neutron imaging and the 3rd-order power correlation, illustrating 























Figure 2.9 Liquid relative permeability of the material SGL 10CA. 
 
The liquid pressure drop and relative permeability of another porous material, 
Toray TGP-H-060 with 30 %wt PTFE, is shown in Fig. 2.10. Similar to the 
experiment of the SGL 10CA, liquid flow rates were 1.01 ml/min from 0 to 42 min, 
1.11 ml/min from 43 min to 78 min, 1.20 ml/min from 79 min to 100 min, and 1.30 
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ml/min from 101 min to 127 min. It was seen that the liquid pressure drop fluctuated 
greatly with the change of liquid flow rate due to the redistribution of liquid water 
inside the sample. The liquid relative permeability increased slightly with the increase 
of the liquid flow rate since more gas phase was displaced with higher shear force 
created by the higher liquid flow rate. The stable liquid pressure drop observed may 
be attributed to the fact that the increased liquid saturation level at higher liquid flow 








































Figure 2.10 Pressure drop and permeability of the material Toray TGP-H-060 
(30 %wt PTFE). 
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Fig. 2.11 shows that liquid relative permeability by the neutron imaging can be 
predicted reasonably well by the 3rd-order power correlation. Liquid permeability 
increased with saturation level as the liquid flow rate increased. In the liquid relative 
permeability measurement, only a few data points in the saturation range of 0.5 to 0.8 



























This chapter investigated gas and liquid relative permeability of porous GDLs 
used in PEM fuel cells by gravimetric analysis and neutron imaging. Gas phase 
relative permeability of two proprietary GDLs showed that permeability obtained by 
the gravimetric analysis and neutron imaging showed good agreement at low 
saturation levels. Discrepancies between these two methods arose at high saturation 
levels and can be attributed to the re-imbibition of liquid water at the end of the 
experiment in the gravimetric method. Liquid relative permeability of two 
commercially available GDLs showed that permeability increased with the liquid 
flow rate, resulting from the increase of saturation levels in the porous materials at 
high liquid flow rate. The impact of the liquid flow rate on the liquid pressure drop 
and permeability was insignificant, which may be resulted from the small change of 
the liquid flow rate used in this experiment. Due to dead air pockets in the porous 
GDLs and a certain liquid saturation level needed for the liquid to penetrate through 
the GDLs, liquid relative permeability was difficult to obtain at both high and low 
saturation levels. This study also showed that the 3rd-order power correlation of gas 
and liquid permeability was inappropriate for the porous media used in PEM fuel 
cells because those materials have a different structure from well sorted hydrophilic 
sands. The only exception was the liquid relative permeability of Toray TGP-H-060 
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with 30 %wt PTFE. 
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Experimental Evaluation of Saturation Levels in the Cathode side 
and Cell Performance of a PEM Fuel Cell 
 
3.1 Introduction 
Water management in a PEM fuel cell plays an important role in obtaining 
optimal fuel cell performances. As a part of the MEA, the GDL provides a transport 
path for electrons, gas, and liquid water.1 Fast transport of liquid water in the GDL 
leads to low saturation levels in the GDL and fast gas transport to the active catalyst 
sites, which is important when the gas transport in the GDL is dominant. The 
two-phase flow properties of the porous media affect the liquid saturation level in the 
GDL greatly. Modeling results showed that a hydrophobic GDL could contribute to 
better fuel cell performance by lowering the liquid saturation levels in the GDL.2 
Quantification of the liquid saturation level in the GDL will be helpful in validating 
these two-phase flow models and determining the liquid water’s role in affecting fuel 
cell performance. 
Continual efforts have been made to determine the liquid saturation levels in the 
MEAs of PEM fuel cells. Optical visualization (transparent fuel cell),3, 4 nuclear 
magnetic resonance (NMR),5-7 X-CT (X-ray computed tomography),8, 9 and neutron 
54 
imaging10-14 were used to determine the liquid water content in PEM fuel cells. 
Apparently, only transparent materials are suitable for optical visualization, which 
limits its application to the PEM fuel cells. The presence of the magnetically 
inductive carbon fibers limits the NMR’s application to GDLs. High resolution 
X-rays are limited by the dimensions of the sample. High resolution neutron imaging 
is capable of measuring the through-plane liquid water distribution in a MEA of a fuel 
cell. However, limited availability of neutron facility is a major drawback to most 
users. 
He et al.15 developed a diagnostic tool to predict the flooding effect in a PEM 
fuel cell by taking advantage of the gas pressure drop signal from gas flowing through 
a GDL when an interdigitated flow field was used. The study showed that cathode 
flooding was the main cause of poor fuel cell performance when the current density 
approached the limiting current density region. It was also shown that this technique 
could be used to determine the change in the liquid water saturation level in the GDL 
when the gas flow rate was changed. However, the liquid water content in the GDL 
could only be inferred by the gas phase pressure drop across the GDL. So unless the 
water content in the GDL was measured directly by some imaging techniques, such as 
neutron imaging, the alternative way is to have a correlation between the gas relative 
permeability and the saturation level in the GDL. That is, if the gas flow rate is 
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known along with the pressure drop across a GDL due to gas flow through a GDL 
when an interdigitated flow field is used, the gas relative permeability can be 
calculated. Next, the saturation level in the GDL can be determined from the gas 
relative permeability and saturation level correlation. Empirical correlations similar to 
the ones discussed in Chapter 2 were used before the experimentally measured 
relative permeability was available.16-21 One of these empirical correlations is the 
3rd-order power  correlation between the liquid saturation level and the relative 
permeability developed for nonconsolidated and well-sorted sand.22 However, the 
porous GDLs used in PEM fuel cells are either non-woven papers or woven cloth 
made of carbon fibers. These granular carbon fibers lead to anisotropic two-phase 
flow properties in the GDL, resulting from the carbon fibers with a preferred in-plane 
layout. Thus, using the 3rd-order power relative permeability measured for sands often 
lead to inaccurate predictions. The other empirical relative permeability correlations 
described in Chapter 2 that have not been validated by the experiments have the same 
problem of predicting accurately the liquid water saturation levels in the porous 
media. Yamada et al.23 was the first to apply the approach of using the pressure drop 
signal across a GDL used with an interdigitated flow field proposed by Trung V. 
Nguyen as a diagnostic tool to study the water flooding in the cathode GDL of a PEM 
fuel cell. The water flooding effect was also validated by Yamada et al.’s numerical 
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simulation based on the approach developed by Natarajan and Nguyen.18 
In recent years, absolute gas permeability of the GDLs used in PEM fuel cells 
has become available.24-26 Our group studied the measurement of both gas and liquid 
relative permeability. Correlations between the relative permeability and the 
saturation levels that could be used directly in models to predict the liquid water 
movement were fitted based on the experimentally measured results. The gravimetric 
method and in-situ neutron imaging technique used to determine the liquid water 
amount in the GDLs were presented in Chapter 2. In this chapter, the measured 
correlations of relative permeability and saturation levels were applied to a PEM fuel 




Fig. 3.1 shows the experimental setup used in this experiment. This allows for 
the determination of saturation levels in the cathode GDL under serpentine flow mode 
and interdigitated flow mode, respectively. The saturation level in the GDL was 
calculated from the correlation between the permeability and saturation level 
determined in Chapter 2. The pressure drop between the air inlet and outlet was 
monitored to calculate the permeability of the GDL used in the experiment. The 
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serpentine flow and interdigitated flow field are shown in Fig. 3.1 (a) and (b), 
respectively. A cross-sectional view of the interdigitated flow is shown in Fig. 3.1 (c). 
 
 
(a)                             (b) 
 
(c)                             (d) 
Figure 3.1 Schematic of (a) a serpentine flow field, (b) an interdigitated flow 
field, (c) a cross-sectional view of the serpentine flow field, and (d) a cross-sectional 
view of the interdigitated flow field.  represents gas flowing out of the surface, 















The experimental procedure to measure the liquid saturation level in the GDL is 
as follows. 
(1) The fuel cell was operated in galvanostatic (constant-current) mode to 
precisely control the gas stoichiometric flow rate. This mode also allows the 
water generation rate in the cathode to be controlled. A new MEA was 
activated by scanning the polarization curve twice and staying at low 
voltage 0.4V for several hours to fully hydrate the membrane. The test 
began after the MEA was fully activated. 
(2) The fuel cell was first operated under serpentine flow mode. Once the fuel 
cell performance became steady, the fuel cell was switched to interdigitated 
flow mode at the same current density and maintained in this mode until its 
performance also became steady. Even though it was found during this study 
that steady state performance was achieved in less than 5 minutes, the fuel 
cell was operated for 15 mins under each mode. The pressure drop, fuel cell 
voltage, cell temperature, and humidifier temperatures were monitored 
continuously under both serpentine and interdigitated flow modes. 
(3) Step 2 was repeated at each different current density until the fuel cell 
reached the mass transport limiting region. In the mass transport limiting 
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region, unstable fuel cell voltage was observed, which ultimately led to fuel 
cell failure as the cell voltage dropped below 0.1V under the galvanostatic 
mode. To prevent fuel and oxidant starvation and fuel cell failure, the flow 
rates of air and hydrogen were adjusted before the current density was 
changed from a low current density to a higher current density. Similarly, 
when the current density was changed from a high level to a lower level, the 
air and hydrogen flow rates were adjusted after the current density was 
changed. 
The pressure drop was measured by an OMEGA PX 139 (Omega Engineering, 
Inc.) pressure transducer (± 5 Psi) and recorded by a data acquisition system 
(Personal Daq System by Omega Engineering, Inc.). The fuel cell current was 
controlled and the voltage was monitored by a computer controlled 
potentiostat/gavalnostat (Arbin System, Inc.). The temperatures of the fuel cell and 
humidifiers were kept constant at 70 °C. Nafion membrane 112 was used in the 
MEAs. Carbon supported platinum catalyst with 20 % wt Pt (Tanaka Kikinzoku 
Kogyo K. K., Japan) was used. The catalyst loading of each electrode was 0.48 mg 
Pt/cm2. The MEA has an active area of 2.08 cm by 0.65 cm. The same electrode 
material was used for the cathode and anode. The MEA was made by hot compressing 
the electrodes and the Nafion membrane under  Pa at 135 °C for 5 mins. 61.47 10×
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The fuel cell was assembled under  Pa. 63.78 10×
In this experiment, the anode and cathode gas flow stoichiometries were kept at 
2 and 4, respectively. Co-flow configuration of the gases in the anode and cathode 
was used. During the fuel cell test, the anode was kept with interdigitated flow. The 
fuel cell operation conditions are summarized in Table 3.1. 
 
Table 3.1 Fuel cell operation conditions. 
Flow Stoichiometry (Anode/Cathode) 2/4 
Fuel cell pressure 1 atm abs 
Tcell 70 ºC 
Thumid (Anode/Cathode) 70/70 ºC 
Flow configuration Co-flow 
Tcell is the temperature of the fuel cell; 
Thumid is the temperature of the humidifier. 
 
The GDLs were compressed when assembling an MEA into a fuel cell in order 
to seal the gases. However, the gas relative permeability was tested under a lower 
compressed condition. It is assumed that compression has the same effect on the 
absolute permeability and relative permeability. Thus, the relative permeability under 
one compression level can be calibrated to another compressed level  using the 
absolute values at these compressed states. 
3.2.3 Materials 
Two types of proprietary GDLs, B1 and B3, were used as gas transport media in 
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this experiment. The properties of B1 and B3 are listed in Table 3.2. Catalyst layers 
were prepared by applying the Pt/Carbon and Nafion ink onto the porous gas 
diffusion media (B1 and B3). TVN System, Inc. prepared the electrodes used in this 
experiment. The cathode and anode electrodes were made of the same materials. 
B1 is a bi-layer porous medium with the base support layer (BSL) of A1 and an 
MPL pasted on the base support. Similarly, B3 is a bi-layer porous medium with the 
base support layer of A3 and an MPL pasted on the base support. Thus, the 
permeability correlations of the GDLs (A1 and A3) measured in Chapter 2 can be 
used in this chapter to determine the liquid water saturation levels in the electrode. 
 










in BSL (%wt) 
B1 A1 (Proprietary GDL) 216 0.81 0 
B3 A3 (Proprietary GDL) 325 0.85 5 
 
3.3 Results and Discussion 
3.3.1 Relative Permeability Correlations 
In the previous chapter, experimentally determined relative permeability of the 
porous media used in this study was investigated. The permeability measured by 
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gravimetric analysis and neutron imaging showed good agreement at low saturation 
levels. For the two proprietary GDLs used here, the measured correlations between 
the permeability and saturation level were given as 
11 2 11 11 2A1:  6.86 10 7.16 10 2.04 10 ,  gk s s
− −= × − × + × m−
m−
       [3.1] 
10 2 10 11 2A3:  1.24 10 1.81 10 7.76 10 ,  gk s s
− −= × − × + ×        [3.2] 
Eqs. 3.1 and 3.2 are explicit expressions of gas permeability as functions of the 
liquid water saturation level. In order to determine the liquid saturation level 
explicitly, the saturation levels versus permeability were plotted in Fig. 3.2. 
Correlations were fitted as 
21 2 10A1:  1.56 10 6.23 10 0.628g gs k k= × − × +              [3.3] 
20 2 10A3:  1.16 10 1.99 10 0.858g gs k k= × − × +              [3.4] 
Once the permeability was obtained from the pressure drop measurement, 
the saturation level can be calculated using Eqs. 3.3 and 3.4. 
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A1: y = 1.56E+21x2 - 6.23E+10x + 6.28E-01



























Figure 3.2 Correlation between saturation level and permeability. 
 
3.3.2 Base Case 
The voltage, current density and pressure drop versus time for sample B1 are 
shown in Fig. 3.3. First, the pressure drop in the serpentine mode was stable and 
negligible since the resistance in the flow channel was small due to the short pathway 
of the channel. Second, two different phenomena were observed in the interdigitated 
mode: a stable pressure drop at low current density and a decreasing pressure drop at 
high current density. At low current density, little water accumulated in the porous 
GDL since both the water generation rate and electro-osmosis rate were low. The 
water saturation levels under serpentine flow and interdigitated flow did not differ 
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much. Thus, the pressure drop under interdigitated flow came mainly from flow 
through the dense pore structure of the porous medium. At high current density, liquid 
water accumulated in the porous GDL during the serpentine flow mode, which 
resulted in reduced open pores. As the flow mode switched from serpentine to 
interdigitated, the pressure drop was initially high because of the high liquid water 
level in the GDL during the serpentine flow mode. As the air flowed through the GDL 
under interdigitated mode, the shear force purged part of the liquid water in the GDL 
leading to a lower saturation level and lower pressure drop. Third, it was seen that the 
cell voltage under the interdigitated mode was higher than that for the serpentine 
mode because of two advantageous aspects associated with the interdigitated flow 
mode: higher reactant pressure or concentration and fast convective transport of the 
oxygen reactant to the catalyst layer. Last, it was seen that the cell voltage under the 
serpentine mode became unstable at current density 0.89 A/cm2 and higher because of 
excessive accumulated liquid water in the cathode GDL at high current densities. The 
voltage under the interdigitated flow mode was stable because the shear force due to 
air flow through the GDL effectively removed the liquid water accumulated in the 











































Figure 3.3 Voltage, current density, and pressure drop in the test of sample B1. 
Stoichiometry of A/C=2/4, temperature of Tcell/TA/TC=70/70/70 ºC. A and C represent 
anode and cathode, respectively. 
 
The fuel cell performance, pressure drop at the beginning and at the steady state 
of the interdigitated flow mode, and predicted saturation level corresponding to the 
pressure drop across sample B1 are shown in Fig. 3.4. First, the permeability was 
calculated based on the pressure drop between the air inlet and outlet. Second, the 
saturation level was calculated using Eqs. 3.3 and 3.4 after the permeability was 
calculated from the pressure drop. 
The interdigitated flow mode showed better fuel cell performance because the 
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GDL under this mode had lower saturation level and higher transport rate of the 
reactant. The pressure drop increased with current density as expected because of 
higher gas flow rates. Saturation level displaced by the air flow under the 
interdigitated mode caused the difference in the pressure drop between the steady 
state and the beginning of the interdigitated mode. Saturation level at the beginning of 
the interdigitated mode represents the saturation level under the serpentine flow mode. 
Under the serpentine flow mode, the highest saturation level was reached in the 
current density range of 0.6 to 0.8 A/cm2. Beyond 0.8 A/cm2, the fuel cell became 
unstable, which resulted in failure of operation with the cell voltage dropping to 0.1V 
triggering the setup to immediately switch to the interdigitated flow. This explains 
why the predicted saturation level is lower under unstable conditions since the time 
under serpentine flow mode is much shorter. The scattered points in Fig. 3.4 represent 
the fuel cell voltage, saturation levels and pressure drops at unstable operation of the 
fuel cell. 
The predicted saturation level under interdigitated flow mode was stable, 
because both the anode and cathode were saturated and the interdigitated flow was 
very effective in removing the liquid water from the GDL. At high current densities, 
the predicted saturation levels were even slightly lower than those at low current 
densities. This was caused by the increased air flow rate, which brought greater shear 
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V - Conventional V - Interdigitated
Saturation level @ S.S. Saturation level @ beginning
dP @ S.S. Max dP @ Beginning
 
Figure 3.4 Fuel cell performance, pressure drop, and saturation level of material 
B1. Stoichiometry of A/C=2/4, temperature of Tcell/TA/TC=70/70/70 ºC. 
 
The voltage, current density, and pressure drop of sample B3 are presented in 
Fig. 3.5. Similar phenomena as those in the measurement of sample B1 were 
observed here. First, pressure drop under serpentine flow mode was stable and 
negligible. Under interdigitated flow mode, at low current density the pressure drop 
was stable because little liquid water was inside the GDL. The change in the pressure 
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drop between the beginning value and steady state value under interdigitated flow 
mode increased when the current density reached 0.60 A/cm2 and higher. The 
pressure drop difference between the beginning and steady state represents the 
amount of liquid water displaced by the interdigitated flow air. Second, the fuel cell 
voltage under serpentine flow mode began to fluctuate at the current density of 1.04 
A/cm2. At the current density of 1.18 A/cm2 and higher, the fuel cell under serpentine 
flow mode failed because the high saturation level inside the GDL prevented the 














































Figure 3.5 Voltage, current density, and pressure drop in the test of sample B3. 
Stoichiometry of A/C=2/4, temperature of Tcell/TA/TC=70/70/70 ºC. 
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Fig. 3.6 shows that better fuel cell performance was obtained with the 
interdigitated flow mode. As discussed in the previous part of this chapter, the higher 
reactant concentration under interdigitated flow mode led to better fuel cell 
performance. The fuel cell was unstable under serpentine flow mode, when the 
current density was 1.18 A/cm2 and higher. The saturation level under serpentine flow 
mode was highest at current density of 1.04 A/cm2. The predicted saturation levels at 
higher current density were lower because the fuel cell failed before it reached steady 
state, which resulted in less liquid water accumulated inside the GDL. Under the 
interdigitated flow mode, the predicted saturation levels decreased slightly with the 
increase of the current density. This was caused by the increased flow rate at higher 
current density since the fuel cell was operated in galvanostatic and constant 
stoichiometric flow rate mode. The increased flow rate of the reactant removed more 
liquid water from the porous GDL. The difference of the pressure drop between the 
serpentine flow mode and the interdigitated flow mode was very small at low current 
densities since little liquid water existed inside the GDL. This difference became 
more apparent at higher current densities due to higher level of accumulated water in 








































V - Conventional V - Interdigitated
Saturation level @ S.S. Saturation level @ beginning
dP @ S.S. Max dP @ Beginning
 
Figure 3.6 Fuel cell performance, pressure drop, and saturation level of material 
B3. Stoichiometry of A/C=2/4, temperature of Tcell/TA/TC=70/70/70 ºC. 
 
3.3.3 Stoichiometric Effect 
The stoichiometric effect was investigated with a lower cathode flow rate while 
the other operating conditions were kept the same. Instead of a stoichiometry of 4 in 
the cathode side, a lower flow rate of stoichiometry 1.5 was used. Both MEAs 
consisted of B1 and B3 were tested under lower cathode air stoichiometry. Only the 
results of B1 were presented in this chapter for the purpose of brevity. The results of 
B3, although not shown here, showed similar characteristics to those of B1. 
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Fig. 3.7 shows that the cathode gas pressure drop under interdigitated flow 
decreased greatly when the cathode gas flow stoichiometry decreased from 4 to 1.5 
(refer to Fig. 3.3). Voltage oscillation was observed when the current density was 
about 0.74 A/cm2 because of excessive accumulated liquid water in the GDL. A large 
pressure drop was seen when the fuel cell switched from conventional flow to 
interdigitated flow at 0.74 A/cm2. As the liquid water was removed by the shear force 
of the gas phase, the associated pressure drop decreased gradually. More frequent 
oscillations were seen when the fuel cell was operating at higher current densities 
which resulted in more liquid water accumulated in the cathode porous media. This 
showed that the higher cathode gas flow stoichiometry was needed to achieve the 
stable fuel cell performance at higher current densities. However, higher cathode 
stoichiometry may result in higher parasitic energy loss. In practice, an optimal 











































Figure 3.7 Voltage, current density, and pressure drop in the test of sample B1. 
Stoichiometry of A/C=2/1.5, temperature of Tcell/TA/TC=70/70/70 ºC. 
 
The fuel cell performances and pressure drops under conventional and 
interdigitated flow at low air stoichiometry are shown in Fig. 3.8. Under serpentine 
flow, the fuel cell performance was unstable at the current densities of 0.74 A/cm2 and 
higher. This unstable point came earlier than when the fuel cell was operated with 








































V - Conventional V - Interdigitated
Saturation level @ S.S. Saturation level @ beginning
dP @ S.S. Max dP @ Beginning
 
Figure 3.8 Fuel cell performance, pressure drop, and saturation level of material 
B1. Stoichiometry of A/C=2/1.5, temperature of Tcell/TA/TC=70/70/70 ºC. 
 
3.3.4 Temperature Effect 
The temperature effects on the fuel cell performance and the cathode pressure 
drops are shown in Figs. 3.9 and 3.10. The temperature configuration was held at 
Tcell/TA/TC=70/50/50 ºC. Since the cathode and anode humidifier temperature 
(TA/TC=50/50 ºC) was lower than that of the fuel cell (Tcell =70 ºC), evaporation in 
the cathode was expected, which alleviated the flooding effect in the cathode. The 
calculated liquid water saturation levels in Fig. 3.10 showed that lower saturation 
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levels existed in the GDL when the cathode was supplied with unsaturated gas. The 
pressure drop under interdigitated flow was more stable because of the reduced 
saturation levels. Better fuel cell performance was reflected by the stable operation at 
the current density of 0.74 A/cm2 and higher as shown in Fig 3.10 (refer to Fig. 3.8). 
However, the anode side became subjected to dehydration, which could have led to 
poor fuel cell performance. Under this circumstance, the balance of a less flooded 












































Figure 3.9 Voltage, current density, and pressure drop in the test of sample B1. 









































V - Conventional V - Interdigitated
Saturation level @ S.S. Saturation level @ beginning
dP @ S.S. Max dP @ Beginning
 
Figure 3.10 Fuel cell performance, pressure drop, and saturation level of 
material B1. Stoichiometry of A/C=2/1.5, temperature of Tcell/TA/TC=70/50/50 ºC. 
 
3.4 Conclusions 
Liquid water saturation levels in the cathode side were quantitatively determined 
using the experimentally measured correlations of the relative permeability and 
saturation levels. By using a setup that can switch from the conventional serpentine 
flow to interdigitated flow, the liquid saturation levels in the cathode GDLs under the 
serpentine flow and interdigitated flow modes can be determined from the pressure 
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drop signals. The interdigitated flow led to better fuel cell performance than the 
conventional flow because it was more effective in removing liquid water in the 
porous media. Lower cathode stoichiometry led to unstable fuel cell performance at 
an earlier stage (lower current densities) because the gas phase is less capable of 
removing liquid water at lower gas flow rate. When the fuel cell was supplied with 
unsaturated gases, better fuel cell performance benefited from water removal by 
evaporation in the cathode side. However, when the anode side was unsaturated, 
membrane dehydration may limit the fuel cell performance. 
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Modeling the Effects of Capillary Property of Porous Media on the 
Performance of the Cathode of a PEM Fuel Cell 
 
4.1 Background 
As discussed in Chapter 2 and Chapter 3, the removal rate of water, which 
determines the liquid water saturation levels in the GDL and CL, depends on the 
two-phase transport properties of these porous materials. The CL is hydrophilic 
because of the presence of a highly hydrophilic ionic (Nafion) phase. The GDL is, 
however, partly hydrophilic and partly hydrophobic - in part because of the presence 
of a waterproof material such as PTFE. In order to model the two-phase transport 
phenomena in a PEM fuel cell accurately, transport properties of the GDL and CL 
used are needed. However, due to the lack of two-phase transport property data for 
these materials, many previous models had resorted to other techniques such as 1) 
assuming a constant slope capillary curve,1, 2 2) extracting capillary data from fuel 
cell performance,3 and 3) using capillary data based on Udell’s correlation for sand 
packs.4-8  
The capillary force changes with the liquid saturation level in the porous 
material. A fixed slope capillary function only represents one point, instead of the 
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whole range of the curve. Extracting the capillary function from the fuel cell 
performance may attribute the influences of other parameters to the capillary function. 
Udell’s correlation of Leverett function was developed for sand, while the porous 
materials used in PEM fuel cells exhibit different capillary pressure properties. 
In some studies, the GDL and CL were treated as hydrophobic and hydrophilic 
materials, respectively, by using different J(s) functions in the Leverett expression of 
the capillary pressure functions, without accounting for the force balance at the 
GDL/CL interface.5-7 This approach resulted in a smooth saturation level profile 
across the GDL and CL interface. This treatment did not include the interaction of the 
capillary effects of the CL and the GDL. Recent experimental data show that the 
carbon fiber GDL used in PEM fuel cells exhibit both hydrophobic and hydrophilic 
properties.9-12 We will show here that in a fuel cell operation, the interaction of the 
capillary properties of the GDL and CL at the GDL/CL interface plays an important 
role in the liquid water transport in the porous media. The interaction of the CL and 
GDL capillary pressures will be discussed further in the following part of this chapter. 
Recently, Ye and Nguyen13 provided a 3-D model of a PEM fuel cell using the 
experimentally determined capillary functions of the GDL and CL materials. 
However, the effect of porous materials with dissimilar capillary pressure property in 
contact was not included. 
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In this chapter, we will discuss 1) the capillary interactions of the CL and GDL; 
2) various aspects (shape, magnitude, range of saturation level and slope) of the 
capillary curves in the two-phase model; 3) the effects of capillary functions on the 
liquid accumulation level in the porous media and its effects on the fuel cell 
performance. 
4.2 Capillary Functions 
Capillary pressure is typically defined as 
c g lp p p= −                             [4.1] 
where cp  is capillary pressure, gp  is gas phase pressure, and lp  is liquid phase 
pressure. Fig. 4.1 shows typical capillary pressure curves of a carbon fiber GDL and a 
more hydrophilic CL. The capillary force balance at the GDL/CL interface requires 
c GDL CLp p= c                            [4.2] 
The CL of a PEM fuel cell is more hydrophilic because of the existence of an ionic 
polymer (Nafion) phase. From Fig. 4.1, one can see that due to the constraint of 
capillary force balance, which is shown by Eq. 4.2, different saturation levels at the 
GDL/CL interface, or the saturation jump conditions, occur at that interface. This 
shows that introducing a GDL with different capillary property into the model without 
considering this saturation level jump condition is wrong. Furthermore, if a 
























Figure 4.1 Comparison of capillary pressure of materials with different capillary 
properties. 
 
To experimentally demonstrate the liquid saturation level jump, a bed filled with 
the hydrophilic glass beads and the hydrophobic acrylic beads was created. See Fig. 
4.2. It clearly shows that the hydrophilic glass beads have higher liquid saturation 
level than the less hydrophilic acrylic beads. This liquid water saturation level jump 
condition is created when two media with different capillary pressure properties are 
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placed in contact. The saturation jump condition is not a step function in Fig. 4.2 
because it is a diffused interface formed from two relative coarse porous media. As 
the surface roughness decreases the diffused interface approaches a sharp jump 
interface. Fig. 4.2 is used to illustrate the jump condition and is not supposed to be 




Figure 4.2 Liquid saturation level jump condition at two materials with different 
wetting properties (by Clint D. Frye, an undergraduate student in our group). 
 
Fig. 4.3 shows an experimentally determined capillary curve of a commercially 
available GDL in literature.9 For the convenience of use in the modeling, the fitted 
correlation is of the form13 
( ) ( )1 2a s c a s c
cp d e e b
− − −⎡ ⎤= −⎣ +⎦                      [4.3] 
In Eq. 4.3, s is the saturation level, and a1, a2, b, c and d are fitting parameters.  
Capillary properties of the gas diffusion materials used in a PEM fuel cell are 
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recently available in literature.9, 10, 14-19 However, the capillary curves vary 
significantly with different measurement methods used in the experiments. 
Experimental capillary curves of the MPL and CL are not available in the literature 
due to the difficulty of testing those thin materials. These curves in Fig. 4.3 are 
chosen according to the criteria that the CL is most hydrophilic and the GDL is more 
hydrophobic than the CL because of the existence of the hydrophilic Nafion phase in 
the CL and hydrophobic PTFE in the GDL. The experimentally measured capillary 
curve of a commercial GDL (Toray 090 at 10 %wt wet proof) was used in this 
model.9 The capillary pressure in Fig. 4.3 is expressed as pc=pg-pl, which is opposite 
to the capillary pressure definition shown in reference 9. Our group’s data are 
consistent with the imbibition curve in Fairweather et al.’s reports.10-12 The capillary 
curve of the CL has a steep slope in the hydrophobic region because of the addition of 
a hydrophobic phase PTFE. It was recognized very early by our group that the 
presence of the hydrophobic GDL might result in higher liquid water saturation level 
in the CL. To avoid flooding the cathode CL, we have been investigating the addition 
of hydrophobic PTFE nano particles to the CL to create continuous gas transport 
channels or pathways in the CL. These continuous gas channels allow gas transport 
through the CL even at very high liquid saturation level. Recent results have shown 
that adding PTFE to the CL led to higher fuel cell performance and the PTFE content 
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can be as high as 27 %wt. 20 Note that with such high PTFE content in a CL it is hard 




















Fitting GDL Pc curve G1
Fitting CL Pc curve C1
.
 
Figure 4.3 Experimentally determined capillary pressure of a GDL (Toray 060) 
and a fitted capillary curve of a CL. 
 





εσ θ ⎛ ⎞= ⎜ ⎟
⎝ ⎠
J s                       [4.4] 
where σ  is the gas-liquid surface tension, θ  is the contact angle, ε  is the 
porosity, K is the absolute permeability, and ( )J s  is the Leverett function. Eq. 4.4 
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shows that capillary pressure may be modified by the change of one or more of those 
parameters. From this point of view, the curves plotted in Fig. 4.4 are reasonable as 
long as the material properties are modified appropriately. The modification of porous 
medium properties is usually carried out by changing the fraction of the hydrophobic 
phase Teflon in the material. The material structure may also play an important role in 



















Fitting GDL Pc curve G1
Fitting CL Pc curve C1
Adjusted CL Pc curve C2
Adjusted CL Pc curve C3
Adjusted CL Pc curve C4
Adjusted CL Pc curve C5
 
Figure 4.4 Adjusted capillary functions of CL. 
 
In Fig. 4.4, curves G1 and C1 are fitted capillary pressure curves from Fig. 4.3. 
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For comparison, curves G1 and C1 are plotted together with the adjusted CL capillary 
curves in Fig. 4.4. The adjusted CL curves were obtained by adjusting curve C1 as 
follows: 
C2 = C1 shifted downward (less hydrophilic); 
C3 = C1 with lower slope in the hydrophobic region (more hydrophilic); 
C4 = C1 shifted to the right (more hydrophilic); 
C5 = C1 shifted to the left. (less hydrophilic). 
These changes were selected to study how the shape, slope, magnitude and saturation 
range of the GDL and CL affect the liquid water transport rate out of the cathode, the 
liquid saturation level in the GDL and CL, and consequently, the performance of the 
cathode in a PEM fuel cell. 
In Fig. 4.5, the experimentally determined curve for the GDL, G1, is also plotted 
for comparison. Curve C1 is the fitted CL capillary function shown in Fig. 4.3. The 
other curves, G2, G3, G4 and G5, are adjusted GDL capillary curves obtained as 
follows: 
G2 = G1 shifted downward (less hydrophilic); 
G3 = G1 with steeper slope in the hydrophobic region (less hydrophilic); 
G4 = G1 with lower slope in the hydrophobic region (more hydrophilic); 




















Adjusted CL Pc curve C1
Fitting GDL Pc curve G1
Adjusted GDL Pc curve G2
Adjusted GDL Pc curve G3
Adjusted GDL Pc curve G4
Adjusted GDL Pc curve G5
 
Figure 4.5 Adjusted capillary functions of GDL. 
 
The parameters in Eq. 4.3 of the capillary functions shown in Figs. 4.4 and 4.5 








Table 4.1 Parameters of the capillary functions. 
Capillary functions a1, a2, b (Pa), c, d (Pa) 
 Fig. 4.4  
  G1 -22.69, -16.19, -644.86, 0.578, -7.59 
  C1 -45.0,  -8.0,  5000.0,  0.78, -1106.56 
  C2 -45.0,  -8.0,  -5000.0,  0.78, -1106.56 
  C3 -18.0,  -8.0,  5000.0,  0.78, -1106.56 
  C4 -45.0,  -8.0,  5000.0,  0.85, -1106.56 
  C5 -45.0,  -8.0,  5000.0,  0.65, -1106.56 
 Fig. 4.5  
  G2 -22.69, -16.19, -8000.0, 0.578, -7.59 
  G3 -35.0,  -16.19, -644.86, 0.578, -7.59 
  G4 -18.0,  -16.19, -644.86, 0.578, -7.59 
  G5 -22.69, -16.19, -644.86, 0.36,  -7.59 
 
4.3 Model Development 
A 1-D, steady state, two-phase mass transport model for the cathode side of a 
PEM fuel cell is developed. The modeled domain is shown in Fig. 4.6. The modeled 
region consists of a gas diffusion layer, a catalyst layer and a membrane. The reactant, 
which is oxygen, diffuses from the channel into the porous media and reacts in the 




Figure 4.6 Schematic diagram of the modeled domain. 
 
4.3.1 Assumptions 
The model has the following assumptions:1 
1) Steady state, isothermal, and isobaric process; 
2) Ideal gases; 
3) Fully saturated ionic Nafion phase in the CL; 
4) Uniform catalyst pellet size and property and uniform Nafion film thickness 
on the pellets; 
5) Membrane is impermeable to gaseous species; 
6) The water generated by reaction and existing in the membrane phase is in 
liquid form; 
7) The electronic conduction of the GDL and CL is so high that we can neglect 
their electronic resistances; 
8) The overpotential of hydrogen oxidation at the anode is negligible. 
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4.3.2 Governing Equations 
There are six variables that need to be solved: 




2) The water vapor concentration, gvC ; 
3) The ionic potential, φ+ ; 
4) The liquid water saturation level in the GDL, ; GDLs
5) The liquid water saturation level in the CL, ; CLs
6) The concentration of water in the ionic phase, . NwC
The governing equations are summarized in Table 4.2. 
 
Table 4.2 Governing equations. 
Variables GDL CL MEM 
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The flux terms giN  (i denotes the O2 or vapor) and  are expressed by wN
















⎟                     [4.6] 
The gas effective diffusion coefficient, ,g effiD , is calculated using the Bruggeman 
correction.23 It is also corrected for the existence of liquid water inside the porous 
media 
( ) 1.5, 1g eff gi i iD D sε= −⎡ ⎤⎣ ⎦                         [4.7] 
The permeability dependence on the liquid water saturation level is accounted for 
by13 
( ) 4.5,0w wK s K s=                           [4.8] 
Substituting Eqs. 4.1 and 4.8 into Eq. 4.6 yields the flux expression for liquid as 
,0 4.5 ,0 4.5w w w wc c
w
w w w w
K Kp pN s s s







                 [4.9] 
As addressed in previous works,13, 24 the pre-parameters of the saturation gradient are 
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where  may be determined by the liquid relative permeability and capillary 
function correlations. The value of  indicates the transport capability of liquid 
water in a porous medium. 
cD
cD
As addressed in previous models,1, 3 the phase change reaction cwR  is expressed 
by 
( ) ( ) ( )(1 1i vc sat i ww c v v v v v
w
s y s )satR k y P P q k y P P
RT M
ε ε ρ−
















=                         [4.13] 
and  is the condensation rate constant,  is the evaporation rate constant, ck vk vy  is 
the mole fraction of water vapor; wρ  is the density of liquid water; and wM  is the 
molecular weight of water. 
In the catalyst layer, the oxygen reduction rate within the catalyst pellet is 
derived using the Thiele modulus approach.1, 25 The detailed steps are presented in 
reference 1. Note that in this model spherical pellets are assumed instead of 
cylindrical pellets. The Nafion phase and water film on the catalyst pellets are 
assumed to be very thin to allow their effects on the agglomerate radius and outer 
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 is the active catalyst surface area per unit volume of 
agglomerates; Pta  is the surface area per unit mass of Pt; Ptm  is the catalyst 
loading of the electrode; and CLδ  is the thickness of the catalyst layer. This approach 
allows the effect of the catalyst morphological properties to be modeled. 
For spherical pellets, the effectiveness factor is expressed by 25 
( ) ( )
( )






=                       [4.18] 
















= = = ,
L               [4.19] 
In the membrane, the water flux  consists of the concentration gradient and 
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+ = −                           [4.21] 
4.3.3 Boundary Equations 
Table 4.3 lists the boundary conditions. The position at x=0 is the channel/GDL 
interface, and x=L denotes the membrane/anode interface as shown in Fig. 4.6. At the 
GDL/CL interface, the GDL and CL capillary pressures are set equal. This is in order 
to capture the jump in the liquid saturation level occurring at the interface of two 
materials with different wetting properties. Note that previous works had incorrectly 
used the saturation continuity, instead of the pressure continuity, at this interface. 
Consequently, the saturation levels predicted for the porous media in the PEM fuel 
cell were incorrect, leading to incorrect predictions of the fuel cell performance. The 
expressions of the capillary functions are fitted from the experimental data,9 or those 







Note that at the gas channel/GDL interface, the capillary pressure is set to zero 
(pl=pg) when the feeding gas is saturated air.26 In this model, the gas pressure is 
assumed to be constant in the porous media. Since liquid water transport from the 
catalyst layer to the gas channel is driven by a gradient of liquid water pressure from 
high pressure to low pressure, the liquid pressure inside the porous media is always 
greater than that at the channel/GDL interface. Based on the definition of capillary 
pressure used in Eq. 4.1, with pl=pg set at the channel/GDL interface, the capillary 
pressure in the porous media in the cathode is always negative and corresponds to the 
hydrophobic region of the capillary pressure curve. Thus, the boundary condition 
pl=pg limits the liquid water transport in the porous media to the hydrophobic region 
of the capillary curve (see Fig. 4.1). By the capillary force balance at the GDL/CL 
interface liquid water transport in the CL is also bound to the hydrophobic region. For 
non-saturated air, the saturation level can be set to zero at this interface if the 
evaporation rate is assumed to be so fast that all liquid water evaporates into the 
gaseous phase. 
At the CL/MEM interface, an assumption was made that only water transport by 
concentration gradient driven diffusion occurs. Also, it was assumed that water 
transport by the electro-osmotic drag part of the flux is released inside the CL as the 
oxygen reduction reaction occurs. To simplify the problem, the anode and cathode 
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gaseous concentrations were fixed at the inlet. When the air and hydrogen gases are 
saturated with water vapor, the membrane is fully saturated on both the cathode and 
anode sides of the membrane. Thus, there is no concentration gradient of water inside 








                            [4.22] 
The equilibrium content of liquid water in the membrane is determined by 27 
( ), 20.043 17.81 39.85 36.0N eqw f v vC C α α= + − + α            [4.23] 
where fC  is the fixed charge site concentration, and vα  is the activity of water 
vapor in the gas phase. 
Tables 4.4 and 4.5 list the correlations and parameters used in the simulation, 
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Table 4.5 Parameters used in the model. 
GDL properties  
GDLε  0.5 
GDLδ  
1 250 mμ  
,0
GDL
wK  112.0 10−×  cm2
CL properties  
CLε  0.12 
CLδ  
1 16 mμ  
,0
CL
wK  135.0 10−×  cm2
Ptm  
1 0.4 mg Pt/cm2
Pta  
1 1000 cm2/(mg Pt) 
Volume fraction of Nafion in CL pellet, pNε  
1 0.393 
Radius of the spherical catalyst pellet, r 1 51 10−×  cm 
Thickness of Nafion film, Nδ  
1 61 10−×  cm 
Membrane properties  
MEMδ
1 50 mμ  
fC






Table 4.6 Simulation conditions. 
Temperature 333.15 K 
Pressure 1 atm 
Humidity of the air inlet 100% 
Humidity at anode 100% 








Transfer coefficient, cα  1.0 
Open-circuit potential,  refU 1.0 V 
Stoichiometry of air 3 
Reference oxygen concentration,  
2 ,O ref
C 65.55 10−×  mole/cm3
Reference exchange current density,  0,273i 61.0 10−×  A/cm2
 
4.4 Results and Discussion 
Fig. 4.7 shows the simulated results using the experimentally determined 
capillary curve of GDL (G1) and the fitted capillary curve of CL (C1) in Fig. 4.3 at 
three fuel cell voltages, 0.8, 0.6, and 0.4V. Note that as the cell voltage decreases 
from 0.8V to 0.6V, the current density increases, resulting in higher saturation levels 
in the GDL. The same phenomenon is also observed when the voltage decreases from 
0.6V to 0.4V although the magnitude is little in the figure. The saturation levels in the 
GDL are in the ranges of 0.30 to 0.71 at the cell voltage of 0.4V. The saturation levels 
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in the CL are about 0.82 and are stable at different cell voltages. The CL has higher 
liquid water saturation level because, first, water is produced there; and, second, it is 
more hydrophilic than the GDL. Sufficient saturation gradient has to be generated in 
order to create the capillary driving force that is needed to transport liquid water out 
of the CL. Since the slope of the CL capillary curve in the hydrophobic region is very 
steep, small saturation gradient is needed to create the capillary driving force, leading 
to stable saturation levels in the CL. In the GDL, big saturation gradients are observed 




























Figure 4.7 Saturation level in GDL and CL for the base case with G1 and C1 at 
various cell voltages (refer to Fig. 4.3 and Table 4.1). 
105 
As shown earlier in this chapter, the capillary pressure curves can be modified 
by changing the properties of the corresponding porous materials. The effect of this 
change is examined in this study. In the first case, the capillary function of the GDL is 
fixed to be the experimentally determined curve, G1, in Fig. 4.3. The capillary 
functions of the CL are those denoted by C1, C2, C3, C4 and C5 as shown in Fig. 4.4. 
These combinations are used to study the influences of the CL capillary function on 
the water management of PEM fuel cells. The saturation level profiles predicted by 






























Figure 4.8 The effect of the CL capillary functions on the saturation levels in the 
GDL and CL at 0.6V (refer to Fig. 4.4 and Table 4.1). 
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Fig. 4.8 shows that for all the CL capillary pressure cases, from C1 to C5, the 
adjustment used in case C3 and C4 have the greatest impact on the saturation level in 
the CL. However, these changes have very little impact on the saturation level in the 
GDL. To explain the large increase in the saturation level in the CL in case C4, we 
will look at the values of the capillary diffusion coefficient Dc (Eq. 4.10) for these 
cases. 
Fig. 4.9 shows the values of Dc for the cases of G1 and C1 to C5. First, note that 
the boundary condition of pc=0 at the gas channel/GDL interface and the capillary 
force balance (Eq. 4.2) bind the transport phenomenon in the hydrophobic region of 
the capillary curves used in Fig. 4.4. This region is represented by the thicker part of 
the Dc curves in Fig. 4.9. Second, for all the CL capillary curves except for C2, the 
Dc values increase greatly within narrow saturation ranges, allowing liquid water in 
CL to be rapidly transported out of these porous media before they reach high values. 
This acts to restrain the saturation levels in the CL to the corresponding narrow 
ranges as shown in Fig. 4.9. Third, as the Dc curve moves to the left, as in cases C5 
and C2 or C1, the saturation level in the CL also shifts to a lower range. In the case of 
C4 where the Pc curve is shifted to the right, the saturation level in the CL 
automatically increases for the same Pc value or saturation level in the GDL. 
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Furthermore, the Dc values of case C4 are high only at high saturation range (s>0.80). 
Thus, the CL for case C4 reaches the highest saturation levels as shown in Fig. 4.8. 
For the capillary curve C5, shifting the curve to the left makes it less hydrophilic or 
more hydrophobic. Consequently, the Dc values, as well as the capillary curve, cover 
a lower saturation level range, and the predicted water saturation level in the CL for 
case C5 is lower. Note that the saturation level in the CL is even lower than that of the 
GDL, because in the hydrophobic region of the capillary curve, C5, its Dc values 
cover lower saturation levels as shown in Figs. 4.4 and 4.9. Although the case of 
having a CL more hydrophobic than a GDL is quite rare in practice, it was used here 
to elucidate what kind of CL would result in better fuel cell performance. This could 
be achieved by adding a hydrophobic material such as PTFE into the CL as done by 
Nguyen’s group.20, 34 It showed that within certain range, the more hydrophobic the 
CL was, the better fuel cell performance was obtained. 
Finally, note that the Dc curves of cases C1 and C2 are exactly the same in Fig. 
4.9 as expected, because shifting the Pc curve downward does not change Dc because 
values of the cp∇  term stay the same (see Eq. 4.10). However, shifting the capillary 
curve downward moves the cross point (pc=0) to the left, which leads to different 
saturation levels in the CL. The more hydrophobic curve, C2, results in much lower 


















Fitting GDL Pc curve G1
Fitting CL Pc curve C1
Adjusted CL Pc curve C2
Adjusted CL Pc curve C3
Adjusted CL Pc curve C4
Adjusted CL Pc curve C5
 
Figure 4.9 Capillary diffusion coefficients for different CL capillary functions 
(refer to Fig. 4.4 and Table 4.1). 
 
These results show that in addition to the impact of the capillary pressure curve 
on the capillary diffusion term, which affects the water removal rate, the interaction 
between the capillary property of the GDL and CL plays a very important role in 
determining the saturation levels in the GDL and CL. This shows that neglecting this 
effect will lead to inaccurate predictions of the liquid water effect on the performance 
of the cathode. 
Fig. 4.10 shows the polarization curves with the corresponding CL capillary 
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functions. The polarization curves are the same at high cell voltages because of the 
low current densities and associated low saturation levels. While at low cell voltages, 
particularly below 0.7V, the CLs with least water, curves C2 and C5, predict the best 
fuel cell performance. The most hydrophilic capillary curves, C3 and C4, result in the 
highest saturation levels in the CL and, consequently, the worst fuel cell performances 
in Fig. 4.10. Note that even though cases C1 and C2 have the same Dc, fuel cell 




























Figure 4.10 The effects of the CL capillary pressure functions on the fuel cell 
performance (refer to Fig. 4.4 and Table 4.1). 
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The analysis of the effect of the GDL capillary function on the saturation levels 
in the GDL and CL and the fuel cell performance is carried out similarly to those 
discussed above for the CL. To examine the GDL capillary effect, curve C1 in Fig. 
4.5 is used as the CL capillary function, while the GDL capillary curves are those 
denoted with G1, G2, G3, G4 and G5 in Fig. 4.5. The results are shown in Figs. 4.11, 






























Figure 4.11 The effect of the GDL capillary functions on the saturation levels in 






















Adjusted CL Pc curve C1
Fitting GDL Pc curve G1
Adjusted GDL Pc curve G2
Adjusted GDL Pc curve G3
Adjusted GDL Pc curve G4
Adjusted GDL Pc curve G5
 
Figure 4.12 Capillary diffusion coefficients for different GDL capillary 
functions (refer to Fig. 4.5 and Table 4.1). 
 
Fig. 4.12 shows that the capillary diffusion coefficient (Dc) of the CL, curve C1, 
increases greatly within a very narrow saturation level region, which means that the 
saturation level in the CL will be restricted to this region and will not be affected too 
much by the change of the GDL capillary properties. Consequently, one can consider 

























Figure 4.13 The effects of the GDL capillary pressure functions on the fuel cell 
performance (refer to Fig. 4.5 and Table 4.1). 
 
The capillary diffusion coefficients (Dc) for cases G1 and G2 are the same, as 
expected because the term cp∇  does not change. The saturation level ranges covered 
by the capillary diffusivity, Dc, ranking from high saturation level to low saturation 
level as shown in Fig. 4.12, are G4, G1/G2, G3 and G5. Note that the saturation level 
profiles in the GDL follow a similar order as shown in Fig. 4.11. The only exception 
is in the region near the GDL/Channel interface where the saturation level of case G1 
is higher than that of case G2. This is attributed to the fact that shifting the capillary 
curve G1 downward shifts the pc=0 point, boundary condition applied at the 
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GDL/Channel, to a lower saturation level, which causes the region near this interface 
to be lower. The saturation levels in the CL for all these cases, G1-G5, are in a very 
close range because of the narrow saturation range covered by the Dc values of the 
CL as discussed earlier. 
The cell performance shown in Fig. 4.13 is consistent with the saturation levels 
shown in Fig. 11 and the capillary transport capability in Fig. 4.12. That is, the lower 
saturation level is for the GDL, the better cell performance is. Note that Lin and 
Nguyen35 had studied the effects of the GDL hydrophobicity on the fuel cell 
performances. It was shown that for both the SGL and Toray carbon papers, the 
water-proofed GDLs improved the fuel cell performances. However, beyond certain 
range, the fuel cell performances decreased. This might result from the decreased 
porosity in the GDL, when too much PTFE was added. Lim and Wang36 found similar 
phenomena and they showed that the 10% wt PTFE loading GDL gave the best fuel 
cell performance. These experimental results confirmed this model’s results that more 
hydrophobic GDL leads to the better cell performance. 
The results of this study are summarized in Table 4.7. It is seen from Table 4.7 
that the GDL capillary function greatly affects the saturation levels in GDL and CL, 
as well as the cell performance. However, the CL capillary function has very minimal 
effect on the saturation levels and cell performance within the changes considered 
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here, because the gas phase transport rate in the GDL is the dominating factor. The 
boundary condition of pc=0 at the gas channel/GDL interface restrains the GDL and 
CL capillary functions to be effective only in the hydrophobic region. 
 
Table 4.7 Summary of the capillary effects. 
Curve Saturation level 
GDL CL 




C1 Fitted (base case) = = = = 
C2 Shift downward of C1 = ≈ ↓ ↑ 
C3 
Decrease slope in 
hydrophobic region 
of C1 
↑ ≈ ↑ ↓ 
C4 Shift to the right of C1 ↑ ≈ ↑ ↓ 
G1 





= = = = 
G2 Shift downward of G1 = ↓ ≈ ↑ 
G3 
Increase slope in 
hydrophobic region 
of G1 
↓ ↓ ≈ ↑ 
G4 
Decrease slope in 
hydrophobic region 
of G1 
↑ ↑ ≈ ↓ 
G5 
C1 
Shift to the left of G1 ↓ ↓ ≈ ↑ 
Note: the comparisons are made relative to the base case, which corresponds to 
the case of (G1, C1). “=” denotes no change, “≈” denotes very small change, 




A two-phase model was developed for a PEM fuel cell in which 1) 
experimentally obtained capillary pressure curve of the GDL and fitted capillary 
pressure curve of the CL were used; 2) liquid water saturation level jump condition at 
the GDL/CL interface resulting from the capillary force balance was included; and 3) 
the effect of the capillary pressure properties of the GDL and CL on the liquid water 
transport rate, the liquid water saturation level in these porous media, and the fuel cell 
performance was investigated. From the analysis of the CL and GDL capillary effects, 
it is evident that both the liquid transport capability and the interaction between the 
GDL and CL capillary properties play important roles in the liquid transport in these 
porous media. Neglecting one or the other will result in significant loss of information, 
and sometimes misleading predictions. Both the GDL and CL capillary curves may be 
modified by changing the material properties, which makes it possible to make better 
porous media used in PEM fuel cells. Capillary curves of the GDL and CL are useful 
properties that may be used in predicting the saturation levels in the porous media, as 
well as comparing the cell performances. The capillary function of the GDL within 
the range included here has greater effects on the saturation levels and fuel cell 
performance than that of the CL. Higher fuel cell performance is obtained with GDL 
and CL with capillary properties that result in lower saturation levels in these media 
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during operation. The key properties are high capillary diffusion capability and low 
hydrophilic porosity. Multi-dimensional effect is not included in this chapter and may 
be studied in the future. 
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Modeling the Effects of the Micro-Porous Layer on the Net Water 
Transport Rate Across the Membrane in a PEM Fuel Cell 
 
5.1 Introduction 
The conventional water management approach of adding water (gas/liquid phase) 
to the anode side and removing water from the cathode side is a self-defeating process. 
A more efficient process of water management in a PEM fuel cell is by engineering 
the material properties of the porous media used in the membrane and electrode 
assembly (MEA) to force the liquid water in the cathode back to the anode so that a 
zero-net-water-transport-across-the-membrane can be achieved.1 If this could be 
achieved, it would minimize or eliminate the need for anode gas humidification. 
Previous experimental studies have shown that the performance of a PEM fuel 
cell was improved by the application of an MPL in the cathode.2-13 The PTFE content 
in the MPL was found to have a great effect on the fuel cell performance. The optimal 
PTFE content was reported to be between 10 %wt and 30 %wt in literature.6, 7, 11 Lin 
and Nguyen5 hypothesized that the MPL improved the fuel cell performance by 
forcing more liquid water to flow from the cathode to the anode. Atiyeh et al.2 and 
Karan et al.4 showed that although the MPL improved the fuel cell performance at 60 
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ºC (60%/100% and 100%/60% RH for cathode/anode), the liquid water flux across 
the membrane was not affected by the MPL. The improved fuel cell performance was 
attributed to the better contact between the MPL and CL. On the other hand, Fujii et 
al.14 showed that at 80 ºC and low humidity (20%/20% RH for cathode/anode), the 
water flux from the cathode to the anode through the membrane was improved with 
an MPL at the cathode side. The discrepancy between these two experiments may 
result from the different operation conditions and materials used. One normally would 
expect the MPL to have even greater impact, when the cathode operates under 
saturated or flooding conditions typical of low operating temperature and/or high 
relative humidity operation. We hypothesize that the discrepancies observed by 
Atiyeh et al.2 and Karan et al.4 were caused by cracks formed in the MPLs. 
Nguyen et al.15 showed that MPLs with cracks (See Fig. 5.1) exhibited capillary 
pressure curves resembling those of the GDLs. Cracks in the MPL allow liquid water 
to by-pass the pores in the MPL and their associated interfacial properties. Since these 
cracks were much larger than the average pore size of the MPL, the resulting capillary 
pressure was much lower. MPLs with no cracks prepared by a confidential client 
exhibited much higher capillary pressure. Hizir et al.16 also observed cracks in the 
MPLs and the lack of a liquid water saturation level jump condition at the MPL and 
CL interface in their neutron scattering measurements. Based on the results from 
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Nguyen et al.15 and Hizir et al.16, it is reasonable to hypothesize that PEM fuel cells 
using MPLs with cracks could lead to behavior contrary to the results to be expected. 
Since MPLs with cracks exhibited similar capillary pressure properties to those of the 
GDLs, no higher liquid pressure would be created to help drive liquid water back to 
the anode. Consequently, no effect on the water flux across the membrane would be 
observed as reported by Atiyeh et al. and Karan et al. Also, Lin17 from TVN Systems, 
Inc. recently confirmed that excessive anode flooding was observed in the hydrogen 
electrode of a PEM fuel cell when an MPL was used at the cathode, while no or 
minimal anode flooding was observed when the MPLs were used in both the cathode 
and anode. The explanation was that the MPL in the cathode forced excessive water 
back to the anode, leading to anode flooding. However, when the same MPLs were 
used in both the anode and cathode, which created high liquid water pressure at both 
electrodes, a smaller liquid pressure gradient was generated, leading to lower water 
permeation from the cathode to the anode. Finally, very recent works by Gostick et 
al.18 and Dai et al.19 on the effect of the MPL on the water flux in a PEM fuel cell 
suggests that the MPL limited the liquid water access to the GDL, leading to lower 




Figure 5.1 SEM picture of an MPL. 
 
Numerical simulations have shown that the MPL improved the PEM fuel cell 
performance.20-25 These models focused either on properties of the MPL such as 
porosity, thickness, pore size, and the wettability,20-22, 24, 25 or on operational 
conditions such as the humidity and the fuel concentration.23 The conclusions drawn 
depended on the aspects investigated. When the electrical aspects were considered, 
the suggestion was that the dense MPL reduced the contact resistance between the 
GDL and the CL. When the liquid water transport aspects were considered, the 
suggestion 24 was that the highly hydrophobic MPL forced liquid water generated at 
the cathode back to the anode, resulting in higher membrane hydration and 
conductivity and low liquid water saturation level in the cathode. 
Weber and Newman 24 focused on the water management effects of the MPLs in 
PEM fuel cells and suggested that highly hydrophobic MPLs force the liquid water 
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generated at the cathode back to the anode. The increased back liquid water 
permeation results in higher membrane hydration and conductivity, and low liquid 
water saturation level in the cathode. The capillary property of the MPL was adjusted 
by changing the fraction of the hydrophilic pores. This work is probably the most 
comprehensive modeling study of the effects of the MPL on a PEM fuel cell 
performance. By determining the morphological property (porosity, thickness, pore 
size distribution and fraction of hydrophilic pore volume) of the MPL that provided a 
good fit between the experimental data and the model predictions, this work helped 
explain the effect of the presence of an MPL at the cathode on the water transport 
processes in the fuel cell and the morphological properties that played a dominant 
role in these processes. However, the capillary pressure property generated by the 
theoretical approach used in Weber and Newman’s model 24, 26 is not representative of 
the capillary property of actual PTFE treated carbon-based gas diffusion media used 
in PEM fuel cells. Pasaogullari et al.21, 22 showed similar phenomena in a PEM fuel 
with an MPL on the cathode side. The back-transport rate of liquid water was greatly 
affected by the properties of the porous media. However, since the wrong capillary 
pressure property-Leverett function developed for sands-was used in Pasaogullari et 
al.’s work, the model predicted unrealistically low liquid water saturation levels in the 
porous media. 
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Based on the work by Weber and Newman,24 our group has proposed a water 
management approach in which the capillary property of the porous media used in a 
PEM fuel cell will be engineered to achieve a condition of zero-net-water-transport- 
across-the-membrane.1 If this could be achieved, it would minimize or eliminate the 
need for anode gas humidification. To achieve this specific goal in a more efficient 
manner, a two-phase flow model that includes an MPL on the cathode side was 
developed. This model is an extension of a previous model 27 where the effect of the 
shape and magnitude of an experimentally obtained capillary curve of a GDL on the 
water transport processes in a membrane and electrode of a PEM fuel cell was 
evaluated. This model took into account the recently discovered mixed (both 
hydrophobic and hydrophilic) capillary property of PTFE treated carbon-based gas 
diffusion materials used in PEM fuel cells 28, 29 and our knowledge of how to modify 
the capillary pressure property of these carbon-base porous media. The model was 
used to evaluate the role of the MPL and the effect of its capillary property on the net 
water transport rate across the membrane, the liquid water saturation levels in the 
porous media in the cathode, and consequently, the PEM fuel cell performance. The 
results from this study could shed light on the material engineering strategy needed to 
achieve the condition of zero-net-water-transport-across-the-membrane. Cases with 
and without the MPLs are compared to elucidate the MPL effect. Next, the effects of 
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the capillary property of the MPL on the water transport rate across the membrane 
and fuel cell performance were investigated by adjusting the shapes and values of the 
capillary curves. 
5.2 Model Development 
5.2.1 Modeled Domain 
The modeled domain is shown in Fig. 5.2. The MPL is located between the GDL 
and CL. In this study, only the cathode side is considered since the cathode plays a 
dominant role in the fuel cell performance because of the sluggish oxygen reduction 
reaction. The porous media were considered isotropic for simplicity. The CL was 
assumed to consist of spherical agglomerate of C/Pt/Nafion. Other assumptions listed 
in Chapter 4 and reference 27 are still valid here. 
 
 




5.2.2 Governing Equations 
There are eight variables to be solved in the modeled domain. The governing 
equations are summarized in Table 5.1. The detailed steps were also included in 
Chapter 4 and references 27 and 30. Note that in this study, two additional variables, 
the water saturation level in the MPL ( MPLs ) and the liquid water pressure ( lp ) in 
the modeled domain, are included. The liquid water pressure is used to account for 
the transport of liquid water across the membrane from the cathode to the anode. The 
governing equation of water transport in the MPL is similar to that in the GDL. The 
capillary pressure expression is of the form 27, 31 
( ) ( )1 2a s c a s c
cp d e e b
− − −⎡ ⎤= − +⎣ ⎦                       [5.1] 
where s is the saturation level, and a1, a2, b, c and d are adjustable parameters. 
In the previous study, the pressure driven permeation was not included, because 
this term is very small compared to the electro-osmotic drag term in the case without 
the MPL. In this study, because the MPL may increase the liquid pressure to a very 
high level, the term that accounts for the pressure-gradient driven permeation across 
the membrane was included. In Table 5.1, the water flux in the membrane, NwN , 
consists of the concentration gradient-driven diffusion, electro-osmotic drag, and 
pressure driven permeation terms, respectively, as shown below. 
N MEM
N N w w l l
w w
w w
dC K dpiN n D
F dx M dx
ρ
μ
+= − −                    [5.2] 
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The parameters, wρ , wM , and wμ  are the liquid water density, molecular weight, 
and viscosity, respectively. MEMlK  is the liquid relative permeability of the 
membrane. The electro-osmotic drag coefficient, n , is expressed by 32 
2.5
22
n λ=                               [5.3] 






λ =                               [5.4] 
where NwC  and fC  are the water content in the Nafion phase and the fixed charge 
concentration, respectively. 






=                             [5.5] 
The liquid pressure in the GDL, MPL, and CL were calculated using the capillary 











5.2.3 Boundary Conditions 
Table 5.2 lists the boundary conditions used in this model. The position at x=0 
is the gas channel/GDL interface, and x=L denotes the membrane/anode interface as 
shown in Fig. 5.2. At the GDL/MPL and MPL/CL interfaces, the capillary pressures 
are set equal to satisfy the force balance besides the liquid water flux continuity. A 
saturation level jump condition occurs at these interfaces if the adjacent materials 
have different wetting properties. This condition is experimentally demonstrated in 
Chapter 4 Fig. 4.2 for the case of two porous beds consisting of packed porous 
materials of different wetting properties. 
The flux continuities were set at the inner boundaries. The liquid pressure was 
calculated at the inner boundaries using the obtained saturation level at that point. 
The liquid pressures at the channel/cathode GDL and the membrane/anode interfaces 
were fixed at 1 atm. At the CL/MEM interface, the liquid water flux in the CL, 
consisting of the liquid pressure-gradient-driven transport term, is set equal to the 
flux in the membrane consisting of the concentration-gradient-driven diffusion term 
and a similar liquid pressure-gradient-driven permeation term (
,C PN
w MEM
N ). The 
electro-osmotic drag part of the water flux was assumed to be released inside the CL 
as the oxygen reduction reaction occurs. 
,C PN
w wCL MEM
N N=                          [5.6] 
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As shown in Chapter 4, the capillary pressure is defined as 
c g lp p p= −                            [5.7] 
where gp  and lp  are the gas phase pressure and liquid phase pressure, 




w wK K s=                           [5.8] 
where CLwK  is the liquid relative permeability of CL; ,0
CL
wK  is the absolute 
permeability of CL; and s  is the saturation level. 
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=                     [5.10] 
,C PN
w MEM
N  consists of the concentration-gradient-driven diffusion and 
pressure-gradient-driven permeation terms of Eq. 5.2. Substitute the expression of 
w CL
N (Eq. 5.10) and 
,C PN
w MEM
N  into Eq. 5.6, the following equation is obtained 
,0 4.5
CL N
w Nw c w w l
w
w w w w
MEM
lK dp dC dpdss D
M ds dx dx M dx
Kρ ρ
μ μ
= − −           [5.11] 
where cp  is expressed by Eq. 5.1. 
Fully saturated air feed is used in this study. In this 1-D simulation, the anode 
channel is fixed at the inlet condition to accelerate the computation speed. To address 
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5.2.4 Parameters and Correlations Used in the Simulation 
Table 5.3 lists the parameters used in the simulation. Parameters and correlations 
that are the same as those used in reference 27 are not listed here. Table 5.4 
summarizes the simulation conditions. 
 
Table 5.3 Parameters. 
GDL properties  
Porosity,27 GDLε  0.5 
Thickness,27 GDLδ  230 mμ  
Absolute liquid water permeability, ,0
GDL
wK  101.0 10−×  cm2 
MPL properties  
Porosity, MPLε  0.3 
Thickness, MPLδ  20 mμ  
Absolute liquid water permeability, ,0
MPL
wK  121.0 10−×  cm2 
CL properties  
Porosity,27 CLε  0.12 
Thickness,27 CLδ  16 mμ  
Absolute liquid water permeability, ,0
CL
wK  135.0 10−×  cm2 
Membrane properties  
Thickness,27 MEMδ  50 mμ  
Membrane liquid permeability,34 MEMlK  141.8 10−×  cm2 
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Table 5.4 Simulation conditions. 
Temperature, T 60 C  
Pressure, P 1 atm 
Humidity of the air inlet 100% 
Humidity at anode 100% 
Stoichiometry of air 2 
 
5.3 Results and Discussion 
The effects of the presence of an MPL in the cathode of a PEM fuel cell will be 
investigated first. Next, the effects of the MPL capillary property on the saturation 
levels, the liquid pressure, the liquid water fluxes in the modeled domain, and the 
PEM fuel cell performance will be studied to elucidate the preferred water 
management strategy in a PEM fuel cell. The hydrophobicity of the MPL was 
adjusted by changing the values and shapes of the capillary curves. 
5.3.1 With and Without MPL 
Fig. 5.3 shows the capillary curves of the GDL (G1), MPL (M1), and CL (C1) 

























Figure 5.3 Capillary curves used in the case with and without the MPL. The 
fitting parameters of a1, a2, b, c, and d are -22.7, -16.2, -644.9, 0.58, -7.6 for G1, -30.0, 
-7.0, -9878.4, 0.3, -4000.0 for M1, and -45.0, -8.0, 5000.0, 0.78, -1106.56 for C1, 
respectively. 
 
Profiles of the simulated saturation levels and liquid differential pressure in the 
modeled domain using the capillary curves in Fig. 5.3 are shown in Fig. 5.4. For the 
case with MPL, G1, M1, and C1 are used for the GDL, MPL, and CL, respectively; 
for the case without MPL, only G1 and C1 are used for the GDL and CL, respectively. 
Fig. 5.4 (a) shows that the MPL increases the saturation levels in the CL and 
decreases the saturation levels in the GDL. In the MPL, the low permeability causes 
steep saturation profiles close to the GDL/MPL interface. The hydrophobic MPL 
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forces liquid water from the cathode side back to the anode side, resulting in lower 
saturation levels in the GDL and higher saturation levels in the CL. Note that the 
liquid water saturation jump condition at the GDL/MPL and MPL/CL interfaces is 
captured in this model. Fig. 5.4 (b) also shows that the MPL raises the liquid pressure 
in the CL to a very high level. The much higher liquid pressure gradient across the 
membrane created with the MPL significantly increases the pressure permeation rate 


























































Figure 5.4 (a) Liquid water saturation level, and (b) liquid pressure at 0.6V. G1, 
M1, and C1 were used in the case with the MPL; G1 and C1 were used in the case 
without the MPL (Refer to Fig. 5.3). 
142 
 
Fig. 5.5 (a) shows the liquid water fluxes in the modeled domain. The negative 
sign means liquid water is transported from the anode to the cathode or opposite to 
the x-direction as shown in Fig. 5.2. Note that the application of an MPL in the 
cathode side reduces the flux of liquid water transport from the cathode CL to the 
cathode GDL, as well as the net water flux across the membrane from the anode side 
to the cathode side. The water flux in the GDL of the case with the MPL (-0.913E-5 
mole/(cm2 s)) is about half of that without the MPL (-1.71E-5 mole/(cm2 s)). The 
electro-osmotic drag effect is mitigated by the pressure driven permeation resulting 
from the liquid pressure gradient across the membrane. The liquid water fluxes in the 
GDL and MPL are identical when saturated cathode gases are used in the model since 
the effect of water evaporation is eliminated. 
Fig. 5.5 (b) and (c) show the flux profiles of each component of the cases 
without MPL and with MPL, respectively. Note that the water flux in the membrane 
by concentration-driven diffusion is zero because of the saturated anode and cathode 
feed condition used in this model. Note also that the pressure driven permeation rate 
of water in the membrane increases greatly by the application of the MPL. The 
increased water permeation rate in the membrane leads to lower saturation levels in 
the GDL at the cathode side (See Fig. 5.4 (a)) and faster transport of gaseous reactant 
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GDL/MPL CL MEM(c) w/ MPL
 
Figure 5.5 (a) Net liquid water fluxes, (b) liquid water fluxes of each component 
for the case without MPL, and (c) liquid water fluxes of each component for the case 
with MPL at 0.6V. G1, M1, and C1 were used in the case with the MPL; G1 and C1 
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were used in the case without the MPL (Refer to Fig. 5.3). 
 
The liquid water fluxes versus current density are plotted in Fig. 5.6. As stated 
earlier, the water fluxes in the GDL and the MPL are equal because of the saturated 
feed air condition used in the cathode side. Only the liquid water fluxes in the GDL 
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Figure 5.6 Water fluxes in the simulated domain at 0.6V. G1, M1, and C1 were used 
in the case with the MPL; G1 and C1 were used in the case without the MPL (Refer 
to Fig. 5.3). 
 
First, Fig. 5.6 shows that for both cases, with and without the MPL, liquid water is 
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transported from the anode side to the cathode side (negative sign) over most of the 
current density range. This leads to the need of humidification of the fuel in the anode 
side and water removal at the cathode side. The only exception is the case with the 
MPL at low current density (<0.2 A/cm2), where liquid water is transported from the 
cathode side to the anode side (positive sign). The water fluxes in the GDL and 
membrane increase with the current density because of increased water generation 
rate and electro-osmosis rate at high current density. Second, it is seen from Fig. 5.6 
that the MPL prevents liquid water from being transported from the CL to the cathode 
GDL, which leads to lower liquid water flux in the GDL. When the electro-osmotic 
flux of water from the anode to the cathode is higher than the back-transport flux (e.g., 
at high current density), the net liquid water flux in the membrane is negative (from 
the anode to the cathode). Otherwise (at low current density), the direction of liquid 
water flux in the membrane is reversed. The fact that the liquid water flux in the 
membrane in the case with MPL is still negative at high current density means that 
the MPL used in the base case, M1, is not hydrophobic enough to meet the goal of 
non-humidified anode feed. 
As more water is driven back to the anode, liquid water saturation level in the 
cathode GDL is reduced. However, when the hydrophobic MPL forces liquid water 
back to the anode, it also causes the cathode CL saturation level to increase. A more 
147 
saturated CL may limit the gas transport rate to the catalyst sites by reducing the gas 
porosity and creating a thicker liquid water diffusion barrier on the catalyst sites. Note 
that the CL used in this study is treated with a hydrophobic phase to provide 
continuous gas transport pathways through the CL, even at very high liquid saturation 
level. The simulated fuel cell performance is shown in Fig. 5.7. The fuel cell with the 


























Figure 5.7 Fuel cell performance. G1, M1, and C1 were used in the case with 




5.3.2 Capillary Effect of the MPL 
To fully investigate the effect of the MPL on the performance of a PEM fuel cell, 
various capillary curves in Fig. 5.8 are simulated to help determine what type of MPL 
will be needed to achieve the goal of zero-net-water-transport-across-the-membrane. 
G1, M1 and C1 are the same as those in Fig. 5.3. The capillary curves for the GDL 
and CL are fixed to be G1 and C1, respectively; M1, M2 and M3 with different 
capillary properties are used for the MPLs. As shown in Fig. 5.8, M2 is the most 
hydrophobic MPL while M3 is the most hydrophilic MPL. In Chapter 4, we have 
investigated the effect of shifting the capillary pressure curves in multiple ways, 
including shifting the capillary curve up, down, left, right, and higher and lower 
slopes. Note that the capillary curve of a porous medium can be made hydrophobic in 
such a way as to shift it downward (i.e., into the negative capillary pressure region) 
by changing the wetting property of the substrate surface, and to shift leftward by 
introducing a porous hydrophobic phase into its pores. In this study, we will consider 
only shifting the MPL capillary pressure curve left/right and making the slope in the 
hydrophobic region steeper. We believe this could be achieved by adjusting the PTFE 


























Figure 5.8 Capillary curves used in the study of MPL capillary effect. The fitting 
parameters of a1, a2, b, c, and d are -30.0, -16.0, -9878.4, 0.1, -4000.0 for M2, -13.0, 
-10.5, -2000.0, 0.4, -500.0 for M3, respectively. G1, M1, and C1 are the same as those 
in Fig. 5.3. 
 
The simulated liquid water saturation levels, liquid pressure, and liquid water 
flux are plotted in Fig. 5.9. The results show that the most hydrophobic MPL, M2, 
results in the lowest saturation levels in the GDL and MPL and the highest saturation 
levels in the CL. However, the differences in the saturation levels in the CL are very 
small because of the steep slope of the CL capillary curve in the hydrophobic region. 
The most hydrophilic MPL, M3, leads to the opposite trend, with the highest 
saturation levels in the GDL and MPL and the lowest saturation levels in the CL. The 
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most hydrophobic MPL, M2, raises the liquid pressure at the CL/membrane interface 
to the highest level. And consequently, the liquid water flux resulting from capillary 
pressure driven permeation is so high that it overcomes the electro-osmotic flux, 
which leads to positive water flux (from the cathode to the anode) in the membrane. 
Note that if the anode feed gas is unsaturated with water vapor, this positive flux of 
water could be used to reduce the anode humidification requirement. For the less 
hydrophobic MPLs, M1 and M3, liquid water fluxes in the GDL (MPL) and 
membrane are always negative (from the anode to the cathode). This implies that 
when M1 and M3 are used, anode humidification and cathode water removal are 

















































































Figure 5.9 MPL capillary effects on (a) the liquid water saturation level, (b) 
liquid pressure, and (c) liquid water flux at 0.6V (Refer to Fig. 5.8). 
 
The effects of the MPL on the liquid water fluxes at various current densities are 
shown in Fig. 5.10. The results show that the hydrophobicity of the MPL directly 
affects the liquid water flux in the membrane. On one hand, for the three MPL 
capillary curves selected in this study, the most hydrophilic one, M3, results in the 
highest negative liquid water flux in the membrane (from the anode to the cathode). 
The low liquid pressure associated with low hydrophobicity of the MPL does not 
promote the permeation of liquid water from the cathode to the anode. On the other 
hand, the most hydrophobic MPL, M2, leads to positive liquid water flux (from the 
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cathode to the anode) in the membrane over the whole current density range shown in 
Fig. 10. Note that although cathode GDL flooding is reduced, anode flooding could 
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Figure 5.10 MPL capillary effects on the water fluxes at 0.6V. Capillary curves 
of the GDL and CL were fixed to be G1 and C1, respectively (Refer to Fig. 5.8). 
 
The fuel cell performance in Fig. 5.11 shows that there are very small 
differences at high voltages (above 0.7V). This is to be expected, because at these 
high voltages and low current densities the fuel cell is not operating in a mass 
transport limiting region. At low voltages (below 0.7V) and high current densities, the 
154 
hydrophobic MPL greatly improves the PEM fuel cell performance. The most 
hydrophobic MPL, M2, leads to the best fuel cell performance, showing that the 
advantage resulted from a less flooded cathode GDL overcomes the disadvantage of a 



























Figure 5.11 MPL capillary effects on the fuel cell performances (Refer to Fig. 
5.8). 
 
5.3.3 Preferred Combination of the GDL, MPL and CL 
It is seen from the above case studies that the MPL improves the fuel cell 
performance by forcing liquid water generated at the cathode to the anode to reduce 
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the flooding condition at the cathode. The more hydrophobic is the MPL, the better 
the fuel cell performance is obtained. In the following discussion, a case with a super 
hydrophobic GDL is investigated. This case will be compared to the previous best 
case, G1-M2-C1. We define a super hydrophobic GDL as a GDL with high 
hydrophobicity and permeability. However, although it is not shown here, it is found 
that within the range used in the model the liquid permeability of the GDL has a 
minor impact on the fuel cell performance, because the saturation level in the GDL is 
significantly reduced when an MPL is used. Thus, in this case, a GDL with the same 
liquid permeability but more hydrophobic capillary pressure (shifted both leftward 
and downward) is used. The capillary curves used are plotted in Fig. 5.12. 
The conventional way to make a hydrophobic GDL is to add PTFE into the 
porous medium. The problem is, since PTFE is a pore filling solid, when the amount 
of PTFE increases, the pore volume decreases, leading to lower gas permeability. 
Thus, it is impossible to make highly hydrophobic GDLs without negatively 
impeding the gas transport properties of the porous media by the conventional method. 
If the surface of the pores in a GDL can also be modified without negatively affecting 
the porosity in a novel way, highly hydrophobic GDLs with high gas permeability and 
capillary pressure curves with shapes and values as assumed here are possible. 
Experimental details on how a super hydrophobic GDL can be obtained will be 
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discussed in the future. Capillary curves, G1 and G2, in Fig. 5.12 represent the GDLs 

























Figure 5.12 Capillary curves used in the preferred combinations. The fitting 
parameters of a1, a2, b, c, and d are -22.7, -10.0, -10000.0, 0.3, -2000.0, respectively, 
for G2. G1, M2, and C1 are the same as in Fig. 5.8. 
 
The saturation level, liquid pressure, and liquid water flux are plotted in Fig. 
5.13. First, the saturation levels in the GDLs are more uniform than those in the MPL 
because of the higher permeability of the GDLs (G1 and G2) as compared to those of 
the MPL and CL used in this model. The steep slope of the capillary curve of the CL 
in the hydrophobic region confines the saturation levels in the CL to a narrow region. 
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Second, the saturation levels and liquid pressure in the MPL and CL for the two cases, 
G1-M2-C1 and G2-M2-C1, are very close because the same MPL and CL are used in 
these cases. Little liquid water flux in the GDL (MPL) was observed when the MPLs 
were used, because the hydrophobic MPL prevents liquid water from transporting out 
of the cathode CL, as demonstrated in the previous cases. Fig. 5.13 (c) shows that the 
water fluxes are negative (from anode to cathode) in the GDL (MPL) and positive 
(from cathode to anode) in the membrane, respectively. Thus, water is removed from 
the cathode side by two processes: liquid water transport out of the cathode through 
the CL, MPL and GDL on the cathode side and by back permeation to the anode. The 
water fluxes in the GDL and membrane of the two cases are very close, showing that 
the more hydrophobic GDL, G2, does not force much more liquid water from the 
cathode to the anode. However, the less saturated GDL (G2) is more accessible and 






















































































Figure 5.13 (a) Liquid water saturation levels, (b) liquid pressure, and (c) liquid 
water fluxes at 0.6V (Refer to Fig. 5.12). 
 
It is seen from Fig. 5.14 that the case with the super hydrophobic GDL, 
G2-M2-C1, shows better fuel cell performance than the case in which a less 
hydrophobic GDL is used (G1-M2-C1). When the results in Fig. 5.14 are compared to 
those in Fig. 5.11, one should note that the cell performance increases much more 
when a more hydrophobic MPL is used (Fig. 5.11) than when a more hydrophobic 
GDL is used (Fig. 5.14). This shows that having a more hydrophobic MPL is more 
important than having a more hydrophobic GDL. The reason is that a more 
hydrophobic MPL further raises the liquid water pressure in the cathode which drives 
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more water to the anode, resulting in even less water leaving the cathode through the 
cathode GDL. A more hydrophobic GDL (lower saturation level at Pc=0 and higher 
capillary pressure versus saturation level slope in the hydrophobic region) reduces the 
saturation level in the GDL and increases the capillary diffusion rate of water out of 
the cathode GDL. One deals with the source while the other deals with the process. 
Clearly, reducing the amount of water going out of the cathode has a more significant 































This study helps to explain the mechanism by which the performance of a PEM 
fuel cell is improved by adding an MPL between the GDL and the CL in the cathode 
side. Note that the additional benefit of having better electrical contact between the 
CL and GDL is recognized but not included here. The MPL, due to its high 
hydrophobicity, partially blocks the liquid water generated in the CL from 
transporting out to the cathode GDL, resulting in higher saturation level in the CL and 
lower saturation level in the GDL. Correspondingly, the MPL increases the liquid 
water pressure in the cathode to the levels much higher than those in the anode, 
leading to an increased net back-transport rate of liquid water from the cathode to the 
anode. This increased back-transport rate of liquid water reduces the liquid water 
removal rate from the CL to the cathode GDL, as well as the net liquid water 
transport rate from the anode to the cathode by electro-osmosis. As a result, the liquid 
water saturation levels in the GDL are reduced, and consequently, higher oxygen gas 
transport rate to the catalyst sites in the CL in the cathode is achieved. It should be 
noted that higher liquid water pressure created by the use of an MPL could also lead 
to high liquid water saturation level in the catalyst layer unless this layer is treated 
with a hydrophobic material to create gas transport pathways for oxygen. The CL 
used in this study is assumed to have this property. 
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The results also show that the more hydrophobic the MPL is, the higher liquid 
water pressure increases, and consequently, the higher driving force is created across 
the membrane to drive liquid water from the cathode to the anode. The back-transport 
of liquid water from the cathode to the anode mitigates the requirement of water 
addition at the anode side and water removal at the cathode side. 
Zero-net-water-transport-across-the-membrane could be achieved by using an 
appropriate MPL. The liquid water saturation level at pc=0 (pc=pg-pl) and the slope of 
the hydrophobic region of the capillary curve are identified as two most important 
variables. To minimize cathode flooding and to promote water transport from the 
cathode to the anode, low liquid saturation level at pc=0 and high slope in the 
hydrophobic region are desirable. This study also shows that a highly hydrophobic 
GDL that can maintain high permeability could lead to even better fuel cell 
performance. Finally, even though the effect of the membrane liquid permeability was 
not investigated it is expected to be an important variable affecting the liquid 
permeation rate from the cathode to the anode. 
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A Modeling Study of the Effects of Anode Porous Layer on the 
Performance of a PEM Fuel Cell 
 
6.1 Introduction 
Chapter 4 and Chapter 5 investigated the effects of the porous media on the 
liquid water saturation levels and fuel cell performance of a PEM fuel cell. When the 
MPL exists in the cathode side, the permeation and back diffusion of the liquid water 
from the cathode to the anode could be greater than the electro-osmosis from the 
anode to the cathode, leading the less flooded cathode and possibly flooded anode. 
However, the models in Chapter 4 and Chapter 5 are cathode models only, in which 
the anode is simplified to an interface. This treatment is valid when the anode is not 
the limiting step. When too much liquid water is forced to the anode, a flooded anode 
may lead to poor fuel cell performance. This chapter addressed the complete region of 
a PEM fuel cell, in which the anode was included in the model. This model will be 
used to study the effects of the anode side on the liquid water transport within an 




6.2 Model Development 
6.2.1 Modeled Domain  
The modeled domain is shown in Fig. 6.1. The cathode side consists of a 
macro-porous GDL, an MPL, and a CL. The anode side shown in Fig. 6.1 consists of 
a macro-porous GDL and a CL only. For the case with an MPL in the anode side, the 
schematic view is similar to that of the cathode side. In this model, the x direction is 
defined from the cathode to the anode. 
 
 
Figure 6.1 Schematic diagram of the modeled domain. 
 
6.2.2 Governing Equations 
The governing equations of the anode side are summarized in Table 6.1. For 
details on the cathode equations, one is referred to Chapter 4 and Chapter 5 as well as 




Table 6.1 Governing equations of the anode. 
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An agglomerate model of the CLs of both the cathode and anode sides is used. In 
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The parameters in Eq. 6.1 are similarly defined as those in Chapter 4 as well as 
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where aggPta  is the active catalyst surface area per unit volume of agglomerates; CLε  
is the CL porosity;  is the hydrogen reference exchange current density; 0i 2
ref
HC  is 
the hydrogen reference concentration; φ+  is the ionic potential. Since the ionic 
overpotential is very low in the anode side as a result of the extremely fast hydrogen 
oxidation reaction, a linear approximation of Butler-Volmer equation is used in Eq. 
6.2. 
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6.2.3 Boundary Conditions 
The boundary conditions of the anode side used in this model are summarized in 
Table 6.2. The boundary conditions of the cathode side are the same as those in 
Chapter 4 and Chapter 5. At the membrane and anode CL interface (MEM/CL), the 
fluxes of hydrogen and water vapor are set to zero. Continuity of current density 
connects the anode side to the cathode side. Permeation and diffusion of water from 
the membrane are set equal to the liquid flux in the anode CL. 
,p c
w CLMEM
N N= w                         [6.5] 
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where the ,p cw MEMN  and w CLN  are expressed by 
,
MEM
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At the anode CL/GDL interface, flux continuities of hydrogen, water vapor, and 
liquid water are used. Capillary force balance at this interface leads to the 
discontinuity of liquid water saturation level when two porous media with different 
wetting properties are placed in contact. 
Conditions at the inlet are used as boundary conditions at the anode 
GDL/channel (x=L) interface. Liquid pressure is set equal to gas pressure when the 
anode gas stream is saturated with water vapor, and the liquid water saturation level 
corresponding to this pc = 0 point is used. As shown in the following parts of this 
chapter, when a cathode with a hydrophobic MPL is used, the anode gas is saturated 
because the liquid water driven from the cathode to the anode is greater than the 







Table 6.2 Boundary conditions. 
Variables MEM/CL CL/GDL x=L 
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6.2.4 Capillary Curves 
As what have been done in Chapter 4 and Chapter 5, capillary curves for the 
carbon GDLs and MPLs are fitted in the form of 4 
( ) ( )1 2a s c a s c
cp d e e b
− − −⎡= −⎣
⎤ +⎦                       [6.7] 
The fitted parameters of the capillary curves are summarized in Table 6.3. These 
curves are shown in Fig. 6.2. In this model, the capillary curves in the cathode side 
are fixed as G1, M2, and C1 for the cathode GDL, MPL, and CL, respectively. It is 
assumed that the anode GDL, MPL, and CL have the same capillary properties as 
those used in the cathode side. G1, M2, and C1 are the same as those shown in 
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Chapter 5. M2 is selected here since it led to the positive liquid water flux (from the 
cathode side to the anode side) as shown in Chapter 5. 
 
Table 6.3 Capillary functions. 
Curve G1, a1, a2, b, c, d -22.69, -16.19, -644.86 Pa,  0.578,  -7.59 Pa 
Curve C1, a1, a2, b, c, d -45.00, -8.00,  5000.00 Pa,  0.78,  -1106.56 Pa 




























6.2.5 Parameters Used in the Simulation 
Table 6.4 lists the parameters used in the simulation. Table 6.5 summarizes the 
operational conditions. Other parameters can be found in Chapter 4, Chapter 5, and 
reference 1. 
 
Table 6.4 Parameters. 
 cGDL and aGDL properties 
Porosity, GDLε  0.5 
Thickness, GDLδ  
230 mμ  for cathode 
250 for mμ  anode 
Absolute liquid water permeability,  ,0
GDL
wK 101.0 10−×  cm2
 cMPL and aMPL properties 
Porosity, MPLε  0.3 
Thickness, MPLδ  20 mμ  
Absolute liquid water permeability, ,0
MPL
wK  121.0 10−×  cm2
 cCL and aCL properties 
Porosity, CLε  0.12 
Thickness, CLδ  16 mμ  
Absolute liquid water permeability,  ,0
CL
wK 135.0 10−×  cm2
0.4 mg Pt/cm2Catalyst loading, Ptm  
1000 cm2/mg Pt Specific surface area of Pt, Pta  
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Volume fraction of Nafion in catalyst pellet, pNε  0.393 
Radius of the spherical catalyst pellet, r 51.0 10−×  cm 
Thickness of Nafion film, Nδ  61.0 10−×  cm 
Membrane properties  
50 mμ  Thickness, MEMδ  
Fixed charge site concentration, fC  31.2 10−×  mole/cm3
Membrane liquid permeability,5 MEMlK  141.8 10−×  cm2
cGDL, cMPL, and cCL represent cathode GDL, MPL and CL, respectively. 
aGDL, aMPL, and aCL represent anode GDL, MPL and CL, respectively. 
 
Table 6.5 Operation conditions. 
Temperature, T 60 ºC 
Pressure, P 1 atm 
Humidity of the air inlet 100% 
Humidity at anode 100% 
Anode stoich 2.0 
100 1
atm s⋅
 Evaporation rate constant,  vk
100 1
s
 Condensation rate constant,  ck
Reference hydrogen concentration, 
2
ref
HC 52.23 10−×  mole/cm3
Hydrogen exchange current density,6  0i 31.4 10−×  A/cm2
 
6.3 Results and Discussion 
Fig. 6.3 shows the amount of water needed to saturate a dry anode with different 
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hydrogen stoichiometry. As expected, the water needed increases with the current 
density and hydrogen stoichiometric flow rate. Anode feed gas humidification could 
be eliminated when the liquid water back transport rate from the cathode to the anode 






























Figure 6.3 Water needed to saturate a dry anode at 60 ºC. 
 
Distributions of liquid water saturation level and liquid pressure in the modeled 
domain are plotted in Fig. 6.4. When an MPL exists on the anode side, the saturation 
levels in the anode GDL are lower than those without an MPL in the anode side 
because the hydrophobic MPL blocks the liquid water from getting into the anode 
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GDL. The anode MPL has an opposite effect on the saturation levels in the cathode 
side since more liquid water accumulates in the cathode when an anode MPL exists. 
The liquid pressure changes correspondingly to the saturation levels as shown in Fig. 
6.4 (b). In the case with anode MPL, although the liquid pressures in the anode and 




































































Figure 6.4 Distribution of (a) saturation levels, and (b) liquid water pressure in 
the modeled domain at 0.6 V. 
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Liquid water flux is shown in Figure 6.5. It is seen that liquid water flux in the 
anode side is lower in the case with an anode MPL while an opposite trend in the 
cathode side is seen. Since a saturated hydrogen fuel is used in this model, 
evaporation is assumed to be eliminated either at the anode GDL/channel interface or 
in the anode gas channels. Thus, the liquid water flux in the modeled domain shows 
the effects of the anode MPL on the water flux direction. It is seen that the anode 























Figure 6.5 Liquid water flux in the modeled domain at 0.6 V. 
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Fig. 6.6 shows that having an MPL in the anode side leads to slightly lower fuel 
cell performance. This is attributed to higher liquid saturation levels in the cathode 
GDL and CL and anode CL, which impedes the transport of reactant gases (mainly 
oxygen) to the reactive surfaces. The case without an MPL in the anode allows more 
liquid water transports back from the cathode to the anode, which indicates zero-net 
water flux, or even positive net water flux, across the membrane is possible when the 
properties of porous media of both the anode and cathode are well designed. The 
anode might be able to tolerate higher levels of flooding since hydrogen transport and 
reaction are more facile than oxygen. With the current parameters in this model, the 
fuel cell performances of the two cases studied show comparable fuel cell 
performance. 
It is seen from Fig. 6.3 that at current density 1A/cm2 and stoichiometry of 2, the 
theoretical amount of liquid water needed to saturate dry hydrogen in anode side is 
about 1.3E-6 mole/(cm2·s). It is seen that liquid water flux from the cathode to the 
anode in the case without an MPL in the anode side is more than sufficient to saturate 
the dry fuel in the anode side (in Fig. 6.5, 0.6V is corresponding to about 1A/cm2). 
This shows that the pressure driven permeation of liquid water from the cathode to 
the anode is greater than the electro-osmosis from the anode to the cathode. Thus, the 
MPL is preferred in the cathode side while the opposite electrode structure is 
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Figure 6.6 Effects of anode MPL on fuel cell performance. 
 
The results of the cathode model in Chapter 5 (G1-M2-C1) are also presented in 
Fig. 6.6 to show that cathode model over predicts the fuel cell performance. The 
over-prediction of the fuel cell voltage of the cathode model results, mainly from the 
omission of the ohmic losses in the anode. Comparison of the ionic potential is shown 
in Fig. 6.7. The comparison verifies that the ionic potentials in the complete model 






























Figure 6.7 Ionic potential in the modeled domain. 
 
6.4 Conclusions 
The results show that a hydrophobic MPL in the anode side reduces the transport 
rate of liquid water into the anode gas channels. While its presence reduces the liquid 
water saturation levels in anode GDL, it increases the saturation levels in anode CL 
and cathode CL and GDL. The simulation shows that the amount of liquid water 
transported back from the cathode side to the anode side in the case without anode 
MPL is more than sufficient to saturate the anode fuel, which indicates a possible 
elimination of anode humidification. The fuel cell performances of the two cases 
investigated in this study are comparable with the current parameters used in this 
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model, showing that an MPL in the anode is not preferred. Zero-net liquid water flux 
across the membrane is achievable when the properties of the porous media used in a 
PEM fuel are properly designed. The complete model also showed that when the 
anode was treated as an interface instead of a complete porous electrode, 
over-prediction of the fuel cell voltage resulted, mainly from the omission of the 
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Conclusions and Recommendations 
 
7.1 Conclusions 
This study focused on the effects of the properties of porous media and water 
management strategies in PEM fuel cells. Chapter 2 presented the experimental 
measurement of the relative permeability of the porous media used in PEM fuel cells. 
In Chapter 3, the liquid water saturation levels in the cathode side of a PEM fuel cell 
were determined using the experimentally determined relative permeability from 
Chapter 2. The experimentally determined properties of the porous media can be used 
in numerical simulations to accurately predict fuel cell performance. Chapters 4, 5 
and 6 presented the simulated results of the PEM fuel cells. Those simulated results 
can be used to direct further experimental work and develop new materials with 
preferred two-phase flow properties in order to achieve optimal fuel cell performance. 
7.1.1 Experimental 
The liquid and gas permeability of the porous media used in PEM fuel cells was 
experimentally measured using both gravimetric analysis and neutron imaging. At 
low liquid water saturation levels, the measurements from these two methods closely 
coincided. However, discrepancies between these two methods arose at high liquid 
saturation levels. The discrepancy was attributed to the procedure used to determine 
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the saturation levels in the porous media. In the gravimetric analysis method, the 
liquid water may be imbibed back into the sample once the pressure applied on the 
sample is released. Liquid relative permeability was difficult to obtain at both high 
and low saturation levels. The gas and liquid relative permeability showed that the 
3rd-order power correlations were inappropriate for the porous media used in PEM 
fuel cells because porous media exhibit different properties than well sorted 
hydrophilic sands. 
Using the experimentally determined correlations of relative permeability and 
liquid saturation levels developed in Chapter 2, the liquid water saturation levels were 
determined in fuel cells under serpentine and interdigitated operating conditions. 
These results are described in Chapter 3. This technique used the pressure drop of the 
interdigitated flow field to indicate the flooding content in a fuel cell.1 The fuel cell 
was first operated under serpentine flow mode followed by a switch to interdigitated 
flow mode. Better fuel cell performances were obtained under interdigitated mode 
because the gaseous reactant transport was more effective and the liquid water 
saturation levels were lower. Both higher stoichiometry and increased temperature 
were beneficial to the fuel cell. The former led to lower saturation levels in the 
cathode due to higher flow velocity, while the latter increased the evaporation rate to 
remove the liquid water in the fuel cell. 
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7.1.2 Modeling 
A two-phase flow model was presented in Chapter 4 using the experimentally 
determined capillary pressure of the GDL. The saturation level jump condition at two 
porous media with different wettability was included. The force balance between the 
porous media causes the saturation level jump condition. This discontinuity is very 
common in chemical and physical systems. For example, the difference of gas 
solubility in the gas phase versus the liquid/solid phase is well known and justified. 
The saturation levels in the GDL and CL were correctly addressed by using the 
capillary force balance. In the past, the Leverett function developed for the 
hydrophilic sands was commonly used due to the lack of data in literature about 
capillary pressure curves of GDLs.2-6 The GDLs used in the PEM fuel cells are made 
of graphite fibers which have totally different morphorlogical and wetting properties 
than the sands. Therefore, the Leverett function has been inappropriately applied to 
PEM fuel cells. The model developed in Chapter 4 avoided this by using an 
experimentally measured capillary curve of the GDL.7 The shape, position, and 
magnitude of the capillary curves of the GDL and CL were investigated to elucidate 
the effect of the properties of the porous media on the PEM fuel cell performance. It 
showed that the GDL was important in achieving optimal fuel cell performance when 
the gaseous react transport was the limiting step. 
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In the model developed in Chapter 4 to simulate the cathode GDL, CL, and the 
membrane, the pressure driven permeation was neglected because the liquid pressure 
gradient across the membrane was low. Chapter 5 numerically solved a problem 
consisting of the cathode GDL, MPL, CL, and the membrane. The pressure gradient 
across the membrane was much higher than without the MPL. Thus, the pressure 
driven permeation part was considered in Chapter 5 in order to address the liquid 
water transport in the porous media correctly. Chapter 5 aimed at numerical 
optimization of the fuel cell to achieve the condition of 
zero-net-water-transport-across-the-membrane. This study helps to explain the 
mechanism by which the performance of a PEM fuel cell is improved by adding an 
MPL between the GDL and the CL in the cathode side. The hydrophobic MPL 
prevents the liquid water from transporting out of the cathode CL, leading to 
increased saturation levels in the CL and decreased saturation levels in the GDL. 
Increased saturation in the CL leads to an increased liquid pressure gradient across the 
membrane, resulting in a corresponding increase in the permeation from the cathode 
to the anode. The net effect of adding an MPL is improved gas transport in the 
cathode and a lower humidification requirement in the anode. When the properties of 
the porous media are appropriately arranged, the goal of 
zero-net-water-transport-across-the-membrane is achievable, eliminating the anode 
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humidification requirement and improving the fuel cell performance. This model will 
assist in the engineering and manufacturing of porous media used in PEM fuel cells. 
Chapter 6 presented a model in which the cathode and anode were included. The 
anode side was neglected in Chapter 4 and Chapter 5 by assuming that the anode 
overpotential was insignificant. Chapter 6 showed that the fuel cell performance was 
seldom affected by the MPL in the anode side, indicating that the MPL in the anode 
side could be eliminated to simplify the anode electrode. Under this circumstance, the 
anode CL and GDL must be hydrophobic to prevent the anode from being flooded 
because liquid water was forced from the cathode side to the anode side by the 
cathode MPL. 
7.2 Recommendations 
The experimental work and the numerical modeling in this study will help 
researchers in this area to better understand PEM fuel cells and design more effective 
studies in the future. The following section presents specific recommendations for 
subsequent models and experiments. 
7.2.1 Experimental 
In Chapter 2, the relative permeability experiment was carried out at a constant 
thickness by controlling the thickness of the shims in the fixture. The fuel cell tests in 
Chapter 3 were carried out at constant pressure by controlling the compression force 
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when assembling the fuel cells. The difference in compression controls led to a large 
change of the GDLs’ permeability because it was greatly affected by the compression. 
This problem can be solved either by controlling the thickness of the electrodes in 
Chapter 3 (fuel cell performance measurement) or by controlling the compression 
force in Chapter 2 (relative permeability measurement). 
In recent years, the capillary curves of the GDLs used in PEM fuel cells have 
become available.7-14 However, the available data in literature were obtained at 
ambient temperature instead of at the temperature of a typical operating fuel cell. 
Temperature affects the capillary curve greatly because the surface tension changes 
with temperature. Therefore, future experimental work on the capillary curve should 
be carried out at the fuel cell operating temperatures. 
Due to the thinness of the MPL (about 20 μm) and CL (about 15 μm), the 
two-phase transport properties of these layers are not available in the literature. This 
study assumed a more hydrophilic CL and a more hydrophobic MPL than the GDL in 
the simulations. Experimental investigation of the relative permeability and capillary 
curve of these layers is greatly needed. 
The models showed that GDL properties were important in water management 
strategies to achieve the optimal fuel cell performance. Thus, surface modification of 
GDLs by material engineering should be fully investigated to improve the fuel cell 
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performances. The hydrophobicity of the CLs in both the cathode and anode is an 
important factor in achieving the desired fuel cell performance. This study showed 
that hydrophobic CLs in the cathode and anode were required to prevent the fuel cell 
electrodes from being flooded. Hydrophobic CLs were obtained by adding 
hydrophobic solid phase, PTFE, to the corresponding CLs. As discussed in Chapter 1, 
CLs are three-phase transport regions in which the gas phase, liquid phase, and solid 
phase are involved. Although preliminary work has been carried out in Nguyen’s 
group, novel methods of modifying the CLs to meet the three-phase transport 
requirement and the hydrophobic properties need to be further developed. 
7.2.2 Modeling 
The models developed in this study are one-dimensional, steady state, and 
isothermal only. Two- and three-dimensional models are needed to address the 
reactants and product distributions along the channels, as well as across the channels 
and shoulders. The temperature distribution also affects the water management 
strategies, which was not considered in this study. 
In practice, particularly when applied in automobiles, fuel cells are subject to 
frequent start-ups and shut-downs. To address the unstable phenomena involved in 
these transient processes, transient models need to be developed to investigate the 
phenomena in the start-up and shut-down stages. Such models need to be developed 
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and validated by experimental work. Furthermore, the models involved in this study 
consisted of only a single fuel cell. Future models of the fuel cell stack will be helpful 
in better understanding the application of PEM fuel cells in automobiles. 
7.3 Contributions to This Area 
7.3.1 Direct Contributions 
This research contributed to the PEM fuel cell area through the following 
publications. 
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Table A.1 Experimental data for Fig. 2.4 
Gravimetric Analysis Neutron Imaging 3-order Exponential 
S K, m2 S K, m2 S K, m2 
0 2.105E-11 0.339 1.013E-12 0 2.105E-11 
0.096 1.312E-11 0.318 1.085E-12 0.04 1.862E-11 
0.158 1.085E-11 0.310 1.126E-12 0.08 1.639E-11 
0.264 6.460E-12 0.306 1.147E-12 0.12 1.434E-11 
0.331 4.731E-12 0.305 1.176E-12 0.16 1.248E-11 
0.53 1.679E-12 0.305 1.231E-12 0.2 1.078E-11 
0.555 1.710E-12 0.298 1.37E-12 0.24 9.24E-12 
  0.301 1.723E-12 0.28 7.856E-12 
  0.296 2.072E-12 0.32 6.618E-12 
  0.291 2.414E-12 0.36 5.518E-12 
  0.281 2.658E-12 0.4 4.546E-12 
  0.272 3.043E-12 0.44 3.696E-12 
  0.234 3.839E-12 0.48 2.96E-12 
  0.219 4.673E-12 0.52 2.328E-12 
  0.204 5.528E-12 0.56 1.793E-12 
  0.187 6.402E-12 0.6 1.347E-12 
  0.174 7.133E-12 0.64 9.82E-13 
  0.156 7.834E-12 0.68 6.897E-13 
  0.140 8.531E-12 0.72 4.62E-13 
  0.127 9.207E-12 0.76 2.91E-13 
  0.108 9.931E-12 0.8 1.684E-13 
  0.092 1.073E-11 0.84 8.621E-14 
  0.092 1.159E-11 0.88 3.637E-14 
  0.077 1.226E-11 0.92 1.078E-14 
    0.96 1.347E-15 




Table A.2 Experimental data for Fig. 2.7 
Gravimetric Analysis Neutron Imaging 3-order Exponential 
S K, m2 S K, m2 S K, m2 
0 8.097E-11 0.489 5.237E-12 0 8.097E-11 
0.07 5.998E-11 0.456 5.42E-12 0.04 7.163E-11 
0.195 4.928E-11 0.447 5.508E-12 0.08 6.305E-11 
0.313 3.450E-11 0.472 5.617E-12 0.12 5.518E-11 
0.379 2.398E-11 0.464 5.692E-12 0.16 4.799E-11 
0.534 1.937E-11 0.455 5.711E-12 0.2 4.146E-11 
0.674 1.103E-11 0.455 5.829E-12 0.24 3.554E-11 
  0.452 5.908E-12 0.28 3.022E-11 
  0.453 5.999E-12 0.32 2.546E-11 
  0.455 6.031E-12 0.36 2.123E-11 
  0.452 6.037E-12 0.4 1.749E-11 
  0.454 6.036E-12 0.44 1.422E-11 
  0.452 6.042E-12 0.48 1.138E-11 
  0.450 6.05E-12 0.52 8.954E-12 
  0.451 6.062E-12 0.56 6.897E-12 
  0.452 6.092E-12 0.6 5.182E-12 
  0.445 6.124E-12 0.64 3.778E-12 
  0.448 6.151E-12 0.68 2.653E-12 
  0.440 6.172E-12 0.72 1.777E-12 
  0.432 6.188E-12 0.76 1.119E-12 
  0.428 6.195E-12 0.8 6.477E-13 
  0.423 6.264E-12 0.84 3.316E-13 
  0.419 7.317E-12 0.88 1.399E-13 
  0.413 8.917E-12 0.92 4.146E-14 
  0.407 1.042E-11 0.96 5.182E-15 
  0.398 1.198E-11 1 0 
  0.387 1.38E-11   
  0.372 1.636E-11   
  0.358 1.84E-11   
  0.346 2.042E-11   
  0.339 2.197E-11   
  0.326 2.419E-11   
  0.314 2.613E-11   
200 
  0.299 2.842E-11   
  0.284 3.092E-11   
  0.267 3.321E-11   
  0.251 3.576E-11   
  0.236 3.802E-11   
  0.213 4.019E-11   
  0.203 4.228E-11   
  0.188 4.397E-11   
  0.173 4.582E-11   
  0.162 4.767E-11   
  0.151 4.952E-11   
  0.134 5.134E-11   
  0.119 5.333E-11   
  0.106 5.535E-11   
  0.091 5.734E-11   
  0.080 5.941E-11   













Table A.3 Experimental data for Fig. 2.9 
Neutron Imaging 3-order Exponential
S K, m2 S K, m2 
0.319  3.650E-12 0 0 
0.375  3.865E-12 0.04 1.207E-15 
0.379  3.870E-12 0.08 9.659E-15 
0.447  5.688E-12 0.12 3.260E-14 
0.447  5.585E-12 0.16 7.727E-14 
1.000  1.887E-11 0.2 1.509E-13 
  0.24 2.608E-13 
  0.28 4.141E-13 
  0.32 6.182E-13 
  0.36 8.802E-13 
  0.4 1.207E-12 
  0.44 1.607E-12 
  0.48 2.086E-12 
  0.52 2.653E-12 
  0.56 3.313E-12 
  0.6 4.075E-12 
  0.64 4.945E-12 
  0.68 5.932E-12 
  0.72 7.041E-12 
  0.76 8.281E-12 
  0.8 9.659E-12 
  0.84 1.118E-11 
  0.88 1.286E-11 
  0.92 1.469E-11 
  0.96 1.669E-11 







Table A.4 Experimental data for Fig. 2.11 
Neutron Imaging 3-order Exponential
S K, m2 S K, m2 
0.583  3.022E-12 0 0 
0.701  3.218E-12 0.04 8.725E-16 
0.719  3.495E-12 0.08 6.98E-15 
0.733  3.667E-12 0.12 2.356E-14 
1.000  1.363E-11 0.16 5.584E-14 
  0.2 1.091E-13 
  0.24 1.885E-13 
  0.28 2.993E-13 
  0.32 4.467E-13 
  0.36 6.361E-13 
  0.4 8.725E-13 
  0.44 1.161E-12 
  0.48 1.508E-12 
  0.52 1.917E-12 
  0.56 2.394E-12 
  0.6 2.945E-12 
  0.64 3.574E-12 
  0.68 4.287E-12 
  0.72 5.088E-12 
  0.76 5.985E-12 
  0.8 6.98E-12 
  0.84 8.08E-12 
  0.88 9.29E-12 
  0.92 1.062E-11 
  0.96 1.206E-11 
  1 1.363E-11 
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